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Abstract: Traveling-Wave Microwave Reactor (TMR) presents a novel heterogeneous catalytic reac-
tor concept based on a coaxial waveguide structure. In the current paper, both modeling and exper-
imental studies of catalyst heating in the TMR are presented. The developed 3D multiphysics model
was validated from the electromagnetic and heat transfer points of view. Extrudes of silicon carbide
(SiC) were selected as catalyst supports and microwave absorbing media in a packed-bed configu-
ration. The packed-bed temperature evolution was in good agreement with experimental data, with
an average deviation of less than 10%. Both experimental and simulation results show that the ho-
mogeneous temperature distribution is possible in the TMR system. It is envisioned that the TMR
concept may facilitate process scale-up while providing temperature homogeneity beyond the in-
trinsic restrictions of microwave cavity systems.

Keywords: microwave heating; traveling-wave microwave reactor; heterogeneous catalysis

1. Introduction

The increasing attention towards reducing greenhouse gas emissions and govern-
ment's efforts in promoting policies to meet the Paris Agreement are the driving forces to
change the chemical industry [1-3]. In this regard, electrification of chemical processes is
one of the most promising transition pathways to low carbon footprint [4]. However, it is
also accepted that even using state-of-the-art technologies, some processes, such as high-
temperature processes, cannot be performed efficiently using electric heating. Thus, most
of these processes (e.g., endothermic reactions carried at high temperatures) still rely on
the combustion of fossil fuels to generate heat for achieving the required conditions. This
reveals the necessity to continue researching new technologies for high-temperature pro-
cesses. One of the options would be to using microwave heating, a technology that is al-
ready being applied to some mild temperature processes (e.g., pasteurization and drying)
[5-7].

Microwave heating offers more advantages than just being a greener solution. One
of these is the concept of selective heating [8,9]. Not every material can absorb microwave
radiation; generally, only matter in the condensate state could absorb enough radiation to
provoke a significant change in temperature. In that sense, microwave heating is a prom-
ising technology for heterogeneous catalytic gas—solid reactions. Thanks to heating only
the solid phase (e.g., catalyst), where the main reaction happens, and not the gas phase,
this would be reflected in the energy efficiency of the whole process. Additionally, less
amount of byproducts from non-catalyzed reactions can be expected. Indeed, this tech-
nology has been studied by various authors for heterogeneous catalytic processes with
promising results. Dry reforming and steam reforming are two excellent examples of re-
actions, for which microwave heating has been applied successfully [10-14]. Durka [13]
reported that the reaction using microwave as an energy source was 5% more efficient
than using electric superficial heating. There is a variety of other applications for which
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microwave heating has been studied, including desorption of volatile organic compounds
(VOCs) [15] and combustion of VOCs [16], methane dehydroaromatization [17], and the
non-oxidative conversion of methane to butene [18] are some examples. However, most
of these studies have been performed on a small scale (a few milligrams of catalyst). The
most used microwave applicators are mono-mode or multi-mode cavities, also known as
resonant cavities, in which the incident wave and the reflected wave would create stand-
ing-waves. The difference between both applicators lies in the predictability of the elec-
tromagnetic field inside the cavity. Multi-mode cavities have a chaotic distribution, mean-
while, in a mono-mode cavity, the field is more predictable [19]. However, the volumes of
the mono-mode cavities are limited due to the size restriction of the electromagnetic wave
mode.

Besides the mono- and multi-mode applicators, there is also another type of micro-
wave applicator, i.e., Traveling-wave microwave reactors (TMRs) [19-23]. In the TMRs,
standing waves were strongly reduced under the condition of matching. The fact is that
the non-absorbed microwave energy can still be transmitted to a consecutive reactor. This
makes the TMR an ideal technology to scale-out, improving the efficiency of the energy
used [19]. There is little literature about this type of reactors. However, the results already
found are promising [21,22]. Mitani et al. [22] found that the heating efficiency can be as
high as 66% in a TMR using water as microwave active medium.

TMRs are fairly new technologies that have mainly been studied through simula-
tions. In order to give more insight to understanding the TMR concept, Eghbal Sarabi, F.
et al. [20] and Yan, P. et al. [23] published modeling and design challenges and solutions
of TMR concepts based on a coaxial waveguide structure and rectangular waveguide, re-
spectively. In this regard, COMSOL Multiphysics simulation environment was utilized to
design, model, and optimize the geometrical parameters and operational conditions for
microwave-assisted heterogeneous catalysis.

The focus and the novelty of the present work is the experimental validation of the
performance of a traveling-wave microwave reactor based on a coaxial waveguide struc-
ture. One of the main obstacles for the study of TMRs is that measuring their performance
is cumbersome. Temperature measurements are one of the challenging tasks in TMR.
Thermocouples (disturbance of the electromagnetic field), optical fiber sensors (tempera-
ture limitations, up to 250 °C), and infrared thermal cameras (TMR is a closed system)
cannot be utilized. For that reason, the present work focuses on getting a good description
of the temperature distribution inside the reactor. It is postulated that in the case of high-
temperature gas-phase reactions on solid catalysts, an adequate mathematical model can
be built to sufficiently accurately describe the interactions between the catalyst or catalyst
support and the electromagnetic field generated by the traveling microwaves.

2. Experimental System
2.1. Traveling-wave Microwave Reactor

A coaxial waveguide structure was previously developed, which has no cut-off fre-
quency for the used transverse electromagnetic (TEM) mode and is able to carry traveling
microwave fields. A cross-sectional scheme of the proposed microwave reactor along the
axial direction is demonstrated in Figure 1. Further information about design challenges
and solutions of the coaxial traveling-wave microwave reactor can be found in the work
of Eghbal Sarabi, F. et al. [20].

The outer and inner conductors of the coaxial reactor were both made of stainless
steel (SS 310S) with diameters 54.8 mm and 15.7 mm, respectively. This ensures that the
cut-off frequency of the system is well above 2.5 GHz. A microwave absorber was used at
the end of the reactor as a terminal part to avoid any microwave leakage to the surround-
ings. Glass wool was used as a filling material to avoid the movement of the active bed
inside the reactor. It can be observed that two Polytetrafluoroethylene (PTFE) conical bod-
ies are used at the transition parts, where the dimensions of the coaxial cable are changed.
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This will smoothly change the impedance of the reactor, minimizing the reflected power.
Glass wool and PTFE were selected since these are two examples of materials with negli-
gible dielectric loss, and thus, they would not dissipate the transmitted wave energy.

Gas ¢ 4 Gas
inlet outlet
Glass Catalytic MW
PTFE MW wool bed absorber
transition part + +
B

MwW —
inlet

Measuring zone

4— Inner conductor

Inner quartz cylinder —p»

MW active zone Air gaps
Outer quartz cylinder —p» /
.|« outer conductor

Figure 1. Representation of the axial section of the in-house built traveling-wave microwave reac-
tors (TMR).

To accommodate the active bed, two cylinders of quartz were used, which fitted in
the PTFE conical bodies ensuring that the same position is kept throughout the experi-
mental phase. The diameters of the outer and inner cylinder were 50 mm and 23 mm,
respectively. Due to some limitations of optical fiber sensors and infrared cameras, the
fixed-bed temperatures were measured with three thermocouples (type K) introduced in-
side the hollow inner conductor of the TMR, see Figure 1.

2.2. Microwave Active Materials

This work aims to promote further investigation of TMRs for reactive systems. Thus,
it was decided to work with a material that is microwave active and can be used as catalyst
support. In this regard, SiC was selected. Table 1 shows applications of SiC as catalytic
support in the reactive systems, proving the potential of SiC for microwave-assisted het-
erogeneous catalytic technologies.

Table 1. Applications of SiC as catalytic support in reaction systems.

Catalyst Reaction Microwave Heated Ref.
Fe Dry reforming of methane Yes [10]

Ni Dry reforming of methane Yes [14]
Mo-ZSM-5  Non-oxidative methane conversion Yes [17]
CuFez04 Catalytic oxidation of diesel soot Yes [24]
Cu Phenol degradation Yes [25]

Fe Cracking of toluene Yes [26]
NiSz H:S oxidation No [27]
Co Fischer-Tropsch No [28]
HZSM-5 Methanol dehydration No [29]

In this work, two different types of SiC were used to build microwave active beds
inside the TMR. One bed was composed of irregular pieces of a-SiC with a length of 210
mm, for which 109.25 g were necessary. Considering the bulk density of a-SiC, the poros-
ity of the porous medium was 0.897. The second bed made of cylindrical extrudes of -
SiC (5x5 mm) was built and tested. This bed was approximately 160 mm long, it was filled
with 164 g of material. The porosity of the bed was calculated to be 0.78. Both active beds
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were excited with a 60 W of microwave power input. The same characteristics were used
to develop the mathematical model.

Microwave power was delivered to the TMR via solid-state microwave generator
(SAIREM, France) with a maximum microwave power of 200 W. The length of the ther-
mocouples dictated the three measuring points (see Figure 2, points A, B, and D), which
values would be used to prove the efficiency of the computer model. Each experiment
was repeated three times and let run until apparent steady-state conditions reached. The
locations of temperature measurement are shown in Figure 2.

|
— )

Thermocouples

Figure 2. Locations of the thermocouples for the temperature measurement inside the inner con-
ductor.

3. Mathematical Model

The COMSOL Multiphysics® simulation environment [30] was used to solve the
three-dimensional model via the finite element method (FEM). Figure 1 shows the mod-
eled TMR configuration and its cross-sectional schematic view along the axial direction.
The reaction zone, see Figure 1, is an annular space between two concentric quartz cylin-
ders, and the accessible reactor volume is 0.395 L. The governing equations used for each
physic module are described in this section.

3.1. Electromagnetic Waves

Radio-frequency module was utilized to solve the wave equation (Eq.1), which is de-
rived from Maxwell’s equations and general volumetric microwave power dissipation
(Eq.2) in the microwave-susceptible domains [31,32].

jo
VXygl(VxE)—k(Z,(er—]—)-E:O (1)
wEey
Quw = mtf & 'E-E 2)

where ¢, u,, and g are the relative permittivity, relative permeability, and relative di-
electric loss factor of the medium, respectively. Additionally, E is the electric field vector
(V/m), E* is the complex conjugate of E, and o, ky, and w stand for the electrical conduc-
tivity of the material (S/m), the wavenumber of free space (1/m), and the angular fre-
quency (1/s), respectively.

The impedance boundary condition (IBC) was used on the interface of the inner and
outer conductor with any other different domain. IBC describes the behavior of reflective
materials with a small penetration of the electric field inside the material of the boundary.
It is especially useful to describe the divergence from the perfect electric conductor (PEC)
boundary (everything is reflected) due to the roughness and surface defects of the material
[33]. Coaxial type of ports was assigned as boundary conditions at the inlet and outlet of
the reactor, see Figure 1.

3.2. Heat Transfer

The heat transfer model is applied to the whole domain of the TMR, including the
porous microwave-susceptible packed-bed. A general heat transfer equation (see Eq. 3)
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includes the conversion of the microwave power into thermal energy (Q, ) and the ther-
mal losses to the ambient via outer surfaces of the reactor. Qpy (Eq.2) refers to the heat
generation in the system. In this case, it will only be present in the microwave-susceptible
material domain, e.g., catalysts and/or catalyst supports, and in the microwave absorber
domain, e.g., carbon-loaded PTFE.

The heat transfer in the porous medium is modified with the addition of effective
heat conductivity, k., and effective heat capacity, C, s, to the Eq. 3. The effective heat
capacity and effective thermal conductivity of a porous medium have been computed as
volume average, see Eq. 3.1 and 3.2 [32,34].

T
(pC,) 57 T PCpu- VT = V(k - VT) = Quw (3)
(PCo) sy = A=) - psCps + bPs Gy, (3.1)
kepr = (1 — d)ks + Pks (3.2)

where u is the velocity vector field of the fluid, ¢ is the porosity of the medium, and T is
the temperature. Subscript f refers to the fluid and s to the solid part of the domain. Ad-
ditionally, no fluid flow has been simulated, therefore, the convective term will be null.

Due to the natural convection on the external surfaces of the reactor, these boundaries
were assigned as convective heat flux with a heat transfer coefficient set to 10 W/m?/K.
The initial conditions of the whole system were set to 20°C as this was the lab temperature.

First, the electromagnetic model was validated by comparing the results of the math-
ematical model with the scattering parameters of the TMR. Then, the complete model has
been validated by comparing the results with the heating experiments with catalytic active
beds made of regular pieces of a-SiC or regular extrudes of 3-SiC (5 x 5 mm).

4. Results and Discussions
4.1. Validation of the Electromagnetic Model

In order to validate the electromagnetic model, the TMR scattering parameters were
measured with a network analyzer (Agilent Technologies E5071C), which functions in the
frequency range of 300 kHz to 14 GHz. The validation procedure was performed by using
different configurations that could be replicated and measured in the lab. The three dif-
ferent tested configurations are as follows:

a. TMR without the microwave absorber or quartz tubes;

b.  TMR with external quartz tube, but no microwave absorber end (terminal
part);

c. TMR with microwave absorber and inner and outer quartz tubes.

As seen in Table 2, the experimental and simulated scattering parameter (Si1) values
are in good agreement. It must be considered that the sensitivity of the experimental val-
ues with respect to the environment in which the measurements were carried out is con-
siderable. It was not considered necessary to refine the dielectric properties of the materi-
als in the simulation to match the network analyzer values. This matching shows that the
behavior of the electromagnetic model agrees well with the physical setup, which results
in the validation of the model from the electromagnetic point of view.

Table 2. Values of the scattering parameter S11 for the validation of the electromagnetic model.

Model Number Experimental (S11) Simulated (S11)
dB  Power reflection (%) dB Power reflection (%)

1 -8.17 15.24 -6.78 20.99

2 -3.93 40.46 -2.74 53.21

3 -18.46 1.43 -14.45 3.59
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4.2. Validation of the Electromagnetic Heating Model

The complete model, including Maxwell’s equations, the energy balance, and the
generation of heat by the dissipation of the microwave energy, was compared to the val-
ues obtained by exciting the two different active materials with a solid-state microwave
generator.

Figure 3 shows the simulated electromagnetic field distribution and corresponding
heat distribution in the TMR loaded with crushed a-SiC foam under a 60 W microwave
power irradiation. After 120 minutes of irradiation, the computed temperature field dis-
tribution for the crashed foam SiC packed-bed showed a homogeneous temperature dis-
tribution, see Figure 3b. This is due to the minor changes that the packed-bed provokes
the electric field intensity.

(@) Electric Field (V/m)

o —

Figure 3. (a) Temperature and (b) Electric field distribution after 120 min in the reactor loaded
with crushed a-SiC foam under 60 W microwave power input.

The simulated temperature data were compared with the experimental results, see
Figure 4. It is clear that the simulated temperature data fits quite well with the experi-
mental data at the 120 minutes (see Table 3). After 120 minutes of irradiation, the maxi-
mum temperature was observed at the end of the packed-bed ca. 85 °C (point D), and the
temperature at the beginning of the packed-bed reached up to 70 °C (point A). In order to
compare the simulated temperature results with the experimental one, additional temper-
ature measurement points of thermocouples with a 1 cm tolerance in each direction was
included in the simulation, see Figure 4. In this regard, we did not observe a significant
temperature difference at Point D. However, the temperature difference can be seen
clearly in the beginning part of the packed-bed, cool side. The temperature data at point
D is overestimated by the measured ones. There are a variety of errors that could have an
influence on the real position of the thermocouple, such as bending of the thermocouple
inside the inner conductor of the reactor. The average percentage relative deviations,
APRD, of the model, are presented in Table 3.

It is reaffirmed that this packed-bed does not dissipate the electromagnetic energy
efficiently. Thus, the forward microwave power reaches up to the microwave absorber,
where it is dissipated, as concluded from the experimental data. This kind of packed-bed
could still be appropriate for microwave heating of reaction systems, more likely the re-
actions take place at mild temperatures.
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Figure 4. Comparison of the experimental and simulated transient temperatures in the crushed a-
SiC foam under 60W microwave power input (A and D are the locations of the thermocouples).

On the other hand, the model for the 3-SiC packed-bed predicted a very low value of
the electric field in the microwave absorber domain, meaning that the microwave active
packed-bed could dissipate more power, see Figure 5 (b).

@) Electric Field (V/m)
| eEREE ey
0 Packed-bed 1
0

05

(b) Temperatu

re (°C)

50 100 150 200 250

Figure 5. (a) Temperature and (b) Electric field distribution after 80 minutes in the reactor loaded
with 3-5iC under 60 W microwave power input.

Once again, the predicted temperature is in good agreement with the experimental
values from the readings of the thermocouples, as seen in Figure 6. Additionally, it is ob-
served that the temperatures reached are comparable to values seen in the literature with
monomode and multimode microwave cavities. However, in this case, the specific power
input is much lower [10]. The high temperatures of the (3-5iC packed-bed when exposed
to only 60 W of microwave power present promising results, indicating the potential of
this technology.
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Figure 6. Comparison of the experimental and simulated transient temperatures in the 3-5iC

loaded packed-bed under 60W microwave power input (B and D are the locations of the thermo-

couples).

The fit between the model and the heating experiments can be seen in Table 3, in
form of the average percent relative deviation (APRD). With all values lower than 10%,
the model can be considered useful and validated.

Table 3. Average percent relative deviation (APRD) between simulated values of temperature and
thermocouple readings from heating experiments.

a-SiC B-SiC
Simulated point APRD (%)  Simulated point APRD (%)
A 2.02 B 452
D 2.34 D 8.78

5. Conclusions

The present work shows that it is possible to reliably model the heating characteris-
tics of a microwave-absorbing solid material inside a Traveling-wave Microwave Reactor
at these time scales. The model can be utilized as a tool in the development and design of
this type of reactor. Using it as a starting point, the reactor dimensions and materials can
be optimized to obtain not only higher temperatures inside the bed but also more homo-
geneous temperature distribution. The results of this study also prove that it is possible to
use computer modeling techniques to overcome the limitations of the temperature meas-
urements in the TMRs. Furthermore, the experiments described in the paper confirm that
the TMR configuration can heat a microwave-absorbing solid catalyst efficiently.
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