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a b s t r a c t

Microwave irradiation can intensify catalytic chemistry by selective and controlled microwave-catalytic
packed-bed interaction. However, turning it to reality from laboratory to practical applications is hin-
dered by challenges in the reactor design and scale-up. Here, we present a novel, rectangular
traveling-wave microwave reactor (RTMR) and provide an easy-to-handle, 3-step design procedure of
such reactor. The multiphysics model couples the electromagnetic field, heat transfer, and fluid dynamics
in order to optimize the geometrical parameters and operational conditions for the microwave-assisted
heterogeneous catalysis. The results show that the microwave energy input/output ports should be well-
positioned and matched; otherwise, it would significantly decrease energy efficiency. In terms of micro-
wave transmission, the RTMR presents a mix between the standing wave and the traveling-wave sys-
tems. Gas space velocity and input temperature significantly affect the temperature profile, and gas–
solid temperature can present no significant difference under certain gas–solid contact.

� 2020 The Author(s). Published by Elsevier Ltd. This is an open access article under the CC BY license
(http://creativecommons.org/licenses/by/4.0/).
1. Introduction

Microwave heating presents an interesting alternative to con-
ventional conductive heating. It is very fast, selective, and volumet-
ric in nature (Barham et al., 2019; Horikoshi and Serpone, 2014;
Oliver Kappe, 2008; Stankiewicz, 2006; Stankiewicz et al., 2019).
It can intensify catalytic reactions by enhanced product selectivity
and higher conversion (Julian et al., 2019; Ramirez et al., 2019). In
particular, microwave heating presents a tremendous opportunity
in case of endothermic catalytic reactions, such as methane val-
orization processes. In microwave-assisted catalytic reactions, the
catalyst and reactor designs play crucial role (Franssen et al.,
2014). The key to success is a well-designed reactor with a
microwave-responsive catalyst, which can utilize the microwave
fields efficiently and in a controllable way.

Conventionally, mono-mode and multi-mode microwave reac-
tors (Nigar et al., 2019; Stefanidis et al., 2014; Sturm et al., 2016)
have some intrinsic drawbacks. In a mono-mode reactor, the heat-
ing performance is very sensitive to microwave frequency and the
catalyst load position, and can only be applied to small heating vol-
umes (Stankiewicz et al., 2019). These drawbacks can be seen in
the reports from a Spainish (Julian et al., 2019) and a Japanese
research group (Nishioka et al., 2013), where the available reactor
volume is far smaller than the cavity volume and the microwave
frequency must be tuned and controlled by an autonomous feed-
back control system to reach the resonance. In our research group
the developed mono-mode reactor owns bulk tuners and reflectors
to adjust the resonance frequency (Gangurde et al., 2017). A com-
prehensive understanding of the characteristics of the mono-mode
reactor can be found in the study of Sturm et al. (Sturm et al., 2012,
2013). On the other hand, multi-mode reactors can operate with
larger volumes, but their key intrinsic drawbacks are highly non-
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Nomenclature

Roman letters
A surface area (m2)
Cp heat capacity (J/kg/K)
E electric field vector (V/m)
E* complex conjugate of E (V/m)
E normalized electric field intensity (V/m)
f frequency (Hz)
hsf coefficient of fluid–solid interphase heat transfer (W/

m2/K)
k thermal conductivity (W/m/K)
ko wavenumber (�)
K bed permeability (m2)
L the characteristic length (m)
P microwave energy (W)
p pressure (Pa)
Pr Prandtl number
Re Reynolds Number
Nu Nusselt number
SWR standing wave ratio
T temperature (�C)
t time (s)
TE transverse electric mode
TEM transverse electromagnetic mode
u flow velocity vector field for the �, y, z directions
QMW volumetric microwave power dissipation (W/m3)
Qs heat source term, standing for the heat loss to the envi-

ronment (W/m3)

Greek letters
bF Forchheimer drag coefficient (kg/m4)
Cf friction coefficient (�)
e permittivity (F/m)
e0 permittivity of free space (F/m)
er relative permittivity (�)
e’r relative dielectric constant (�)
er’’ relative dielectric loss factor (�)
l permeability (H/m)
lr relative permeability (�)
g energy efficiency (�)
 electrical conductivity (S/m)
c viscosity (Pa�s)
q density (kg/m3)
x angular frequency (rad/s)
h volume fraction

Subscripts
s solid phase
g gas phase
max maximum value
min minimum value
MWin microwave energy input
eff effective
loss energy loss
trans transmission
ref reflection

Note
� The variables in bold fonts represent the vector fields.

P. Yan, A.I. Stankiewicz, F. Eghbal Sarabi et al. Chemical Engineering Science 232 (2021) 116383
uniform heating and poor temperature controllability (Stankiewicz
et al., 2019; Sturm et al., 2016). These disadvantages can be seen
from the research reported by Gao et al. (Gao et al., 2019) where
the large volume indeed is accompanied by non-uniform heating
and poor controllability. Here just name a few, for more details
and discussion, interested readers can refer to the book chapter
by Sturm et al. (Sturm et al., 2016) and the review paper
(Stankiewicz et al., 2019).

To avoid the inherent disadvantages for catalytic applications
in current resonant cavity type of microwave reactors, a novel
reactor concept based on the traveling-wave principle has been
proposed by Sturm (Sturm et al., 2014), where the feasibility of
this concept and the merit of homogeneous heating are proved
by adopting liquid water as the medium in monolithic reactor
structure, and further developed and investigated by Eghbal
Sarabi et al. (Eghbal Sarabi et al., 2020) for heterogeneous
gas–solid catalysis process. Similarly, traveling-wave concept is
also reflected in the research reported by Polaert et al.
(Polaert et al., 2017) and Mitani et al. (Mitani et al., 2016). They
adopted traveling-wave concept to conduct aqueous process or
reaction, and both of the results indicate its advantages of lar-
ger volume and better temperature controllability. Furthermore,
Muley et al. conduct biomass pyrolysis in a rectangular
traveling-wave microwave reactor concept and present a better
energy utilization (Muley et al., 2016). The results of those
studies show some clear advantages of the traveling-wave reac-
tor systems: larger volume, less sensitive to microwave fre-
quency, and better temperature controllability and uniformity,
however rare research is reported for heterogeneous gas–solid
2

catalysis. Therefore, more endeavors are needed to obtain fun-
damental understanding and advance them to the higher Tech-
nology Readiness Levels (TRL). Amongst, designing novel and
robust traveling-wave microwave reactor, developing general
modeling methodology and obtaining deep insights in micro-
wave heating behavior are urgently needed.

The microwave reactor design is a highly inter-disciplinary job,
because it involves microwave physics, electrical engineering,
materials science, and chemical engineering (Eghbal Sarabi et al.,
2020; Stankiewicz, 2006). Therefore, development of a standard
design procedure is highly desired for chemical engineer who focus
on heterogeneous catalysis and know less about microwave reac-
tor. Unfortunately, there are no such design guidelines for micro-
wave reactors available in literature, especially for traveling-
wave microwave reactors.

Obviously, in chemical reactor design modeling plays a crucial
role. However, the multiphysics models of microwave reactors
are extremely scarce, and in particular no robust model has been
reported so far for the traveling-wave microwave reactors.

In the current paper, a novel traveling-wave microwave reactor
is designed, modeled, and evaluated. The standard design proce-
dure for travelling-wave microwave reactor is proposed and thus
a novel RTMR is designed in Section 2; meanwhile the performance
parameters characterizing the travelling-wave microwave reactor
are recommended. A coupled multiphysics reactor model involving
microwave field, fluid flow, and heat transfer with emphasis on
local thermal non-equilibrium is established with the focus on heat
management in Section 3. Based on the above design procedure
and multiphysics model, the reactor performance is studied aiming
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at the optimization of its geometry and operational conditions as
discussed in Section 4.
Fig. 2. The rectangular waveguide in the Cartesian coordinate system.
2. RTMR design and characterization

2.1. Standard design procedure

Fig. 1 presents a three-step procedure to design a robust Rect-
angular Traveling-Wave Microwave Reactor. The rules and reasons
for each step are presented in detail below.

2.1.1. Step 1: Waveguide selection
The electromagnetic field modes and wave propagation are

determined by the geometry and dimensions of transmission line,
e.g., coaxial, and waveguides, i.e., rectangular and circular (Pozar,
2012a). The coaxial transmission line reactor concept has already
been investigated by Eghbal Sarabi et al. (Eghbal Sarabi et al.,
2020). On the other hand, rectangular waveguide can also be used
in the traveling-wave concept. Above a certain frequency, the so-
called cutoff frequency f cmn

� �
, the electromagnetic waves propa-

gate inside the waveguide. For a rectangular cross-section (see
Fig. 2), the cutoff frequency can be calculated with the following
equation:

f cmn ¼
1

2p ffiffiffiffiffiffilep
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
m
a
p

� �2
þ n

b
p

� �2
r

ð1Þ

Each combination of m and n are known as mode and each of
them has a cutoff frequency. For example TE10: m:1 and n:0 so here
m and n indicate the number of variations in the electromagnetic
wave pattern in the � and y directions, respectively. Since there
is no TE00, the dominant mode in this rectangular type is TE10
(Pozar, 2012b). In the TE mode, electric field vectors in the cavity
are perpendicular, i.e., transverse, to the z-direction, which is the
direction of the propagation.
Fig. 1. The proposed standard p

3

Here, considering the significant advantages of industrial stan-
dard (ease of fabrication) and high power-handling over coaxial
transmission line, we chose the standard rectangular cross-
section waveguide named WR-340 (86.4 mm in width and
43.2 mm in height) as the starting point for the design. The sinu-
soidal electric field distribution at the cross-section is depicted in
Fig. 3.
2.1.2. Step 2: Coaxial cable-to-waveguide connection and its
optimization

Safe transmission of microwave power through the waveguide
is critical for the operation of a microwave reactor. The standard
cable to connect solid-state microwave generator is a coaxial cable
that transfers microwave energy in the Transverse Electromagnetic
(TEM) mode. Generally, the power connections can be allocated to
different surfaces and then presents various matches for the micro-
wave energy input/output ports.
rocedure for RTMR design.



Fig. 3. The WR-340 waveguide and its electric field distribution at the cross-section.
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2.1.3. Step 3. Specification of the load
Positioning of the load is important for taking full advantage of

the microwave field distribution. Given the sinusoidal distribution
of the electric field inside the rectangular waveguide, we decide to
design a rectangular fixed bed and locate it at the center where the
highest intensity of the electric field presents, see Fig. 3b. In this
way, the interaction between the load and microwaves will be
maximum. Here, the specific design of the load is shown in
Fig. 4. The catalyst load that consists of 6 channels is positioned
in the middle between two inert layers of porous quartz particles.
The quartz particle layers, transparent to microwave, are used to
support the catalyst bed and distribute the gas.

Moreover, the different positions of coaxial connectors and their
match besides the above-mentioned allocated surface significantly
affect both the microwave field distribution and the energy dissi-
pation inside the waveguide. Therefore, further optimization com-
bined with the load is quite necessary.
2.2. Characteristics and performance parameters

The performance evaluation of a microwave reactor is very dif-
ferent from that in a conventional reactor. The key parameters for
evaluating the performance of a microwave reactor are related to
the energy balance and field intensity in the device.
2.2.1. Energy balance
Energy balance is the fundamental tool to assess the energetic

efficiency of a microwave system (Bermúdez et al., 2015). Since
the traveling-wave microwave reactor is an open system with an
energy input port and energy output port, the energy balance of
Fig. 4. The designed load in the RTMR.

4

the traveling-wave microwave reactor is different from the
standing-wave reactor (semi-open system for multi-mode and
mono-mode cavity), as shown in Eq. (2). From the equation, we
can see that the total microwave energy input contains not only
the effective energy and the energy loss but also comprises the
transmitted energy out of the TMR output port, the reflection out
of the TMR through the input port. For the standing-wave reactor,
the system is semi-open with only one energy port. The total
energy input can be divided into 3 parts, namely the effective part
dissipated inside the catalytic bed, the energy loss on cavity walls,
and the reflected energy, as shown in Eq. (3). The clear difference in
energy balance between standing-wave and traveling-wave micro-
wave reactors can be viewed in the Equations (2, 3). The energy
efficiency, g, is defined by Eq. (4) to indicate how much energy is
available to heterogeneous catalysis.

PMWin ¼ Peff þ Ploss þ Pref þ Ptrans ð2Þ

PMWin ¼ Peff þ Ploss þ Pref ð3Þ

g ¼ Peff =PMWin ð4Þ
where PMWin represents the total energy input to the reactor by

microwave heating; Peff, Ploss are the effective dissipation into the
catalytic bed, and the energy loss on the waveguide walls due to
the wall electric current, respectively; Ptrans, Pref are the energy part
of transmitting out of the microwave reactor by the output port
and the energy reflected by the loading out of the input port.

2.2.2. Standing wave ratio
A perfect traveling microwave presents a gradual decrease in

time-averaged electric field intensity and zero reflection when
passing through the media. However, solid media are not entirely
transparent to microwaves and also the length of the solid load
is limited, which inevitably produces at least two interface
(Sturm et al., 2013). In current design, different mediums produce
two gas–solid media interfaces at the beginning and the ending,
where it produces multiple reflections of microwaves inside the
media. See Fig. 4 (free space: gas and catalyst: microwave absorb-
ing media). Due to the inner reflections, a standing-wave pattern is
generated; therefore, the wave propagation inside the traveling-
wave microwave reactor is not entirely traveling-wave anymore.
As a result, the time-averaged electric field intensity will not be
absolutely monotonic decrease and presents wavy fluctuation
instead (Pozar, 2012b; Sturm et al., 2014).

In the resonant microwave cavities (mono- and multi-modes),
microwave travels forth and back and forms a resonant standing-
wave pattern where the electric and magnetic energy is stored
(Pozar, 2012b; Sturm et al., 2014). In the designed travelling-
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wave microwave reactor, the microwave is reflected back and forth
by the gas–solid media interfaces inside the solid region until the
microwave is totally dissipated. In other words, the electric field
pattern inside the solid media consists of both traveling-wave
microwave component and standing-wave microwave component.
The intensity of the standing-wave microwave component can be
described by the standing wave ratio (SWR), defined by Eq.(5),
which can be preliminarily used to electric field profile along prop-
agation direction. The smaller SWR is, the flat/uniform electric field
profile will be.

SWR ¼ Emax

Emin
ð5Þ

where Emax and Emin represent the maximum and minimum of
normalized electric field intensity inside the solid media. Accord-
ingly, SWR = 1 for the perfect standing wave ratio and SWR = 1
for the perfect traveling-wave microwave.

3. Mathematical model of multiphysics coupling

A three-dimensional mathematical model is developed using
COMSOL Multiphysics� simulation environment. The model fully
couples electromagnetic waves, heat transfer, and fluid dynamics.
The steady-state simulation is conducted, and the frequency
domain analysis is used for the electromagnetic field.

As for the coupling of multiple physics module, electromagnetic
field and heat transfer are coupled by the source term of micro-
wave heating, fluid dynamics is coupled with heat transfer by pro-
viding velocity field for heat transfer equations to calculate
temperature distribution, and most of physical properties in elec-
tromagnetic field and fluid dynamics are temperature-dependent
and thus associated with heat transfer module. Because the effect
of electromagnetic field from the other field is relatively weak,
the electromagnetic field is first solved and then supply initial val-
ues for heat transfer and fluid dynamics. Fully coupled velocity,
pressure, temperature are solved simultaneously by re-configure
the solver to be a segregate. Finally, two segregates (one is the elec-
tromagnetic field variable, the other is the variables of fluid
dynamics and heat transfer) are solved in sequence and iterated
until final convergence.

The following sections demonstrate the governing equations
and boundary conditions for all the physic modules applied.

3.1. Electromagnetic field

The electromagnetic field distribution and the volumetric heat
generation in the packed bed are calculated by solving the follow-
ing equations.

r� l�1r ðr � EÞ � k20ðer � j
r
xe0
ÞE ¼ 0 ð6Þ

QMW ¼ xe0e00rE � E� ð7Þ
where E (V/m) is the electric field vector, E* is the complex con-

jugate of E,x = 2pf (rad/s) is the angular frequency, er, lr stands for
the relative permittivity and permeability of the media, e0 is the
absolute permittivity of vacuum space,e0r ; e00r are the dielectric con-
stant and dielectric loss respectively, namely the real part and
imaginary part of relative permittivity,  is the electrical conduc-
tivity of the media, ko = 2p/k is the wavenumber. The Electromag-
netic waves, Frequency Domain module in COMSOL Multiphysics
software is used for solving the equations (COMSOL, 2017c).

The electromagnetic properties of the porous media are calcu-
lated based on the volume average assumption, as shown in Eqs.
(8)–(10):
5

lr ¼ hslr;s þ ð1� hsÞlr;g ð8Þ

er ¼ hser;s þ ð1� hsÞer;g ð9Þ

rr ¼ hsrr;s þ ð1� hsÞrr;g ð10Þ
where subscripts s and g represent solid phase and gas phase

respectively, and h stands for the volume fraction of the phase in
the physical domain.

The above equations are solved in the microwave heating
region, including the quartz tube, the catalyst bed, the air domain
between the quartz tube and the waveguide inner wall.

3.2. Heat transfer

The heat transfer module is applied in all the domains (catalyst
bed, air, quartz tube, waveguide inner wall, etc.) since both the
microwave heating domain and the other domains are involved
in the microwave heating, heat conduction or convective heat
transfer (COMSOL, 2017b). The Heat Transfer Module in COMSOL
Multiphysics is used for the solution.

For microwave heating in heterogeneous catalysis, local hot
spots can be frequently generated at the catalyst particle surface
or vicinal contact point as a results of differential heating
(Haneishi et al., 2019; Horikoshi and Serpone, 2014), which is of
significant importance to obtain micro-scale insights. However,
herein our goal is to obtain macro-scale insights of microwave
heating from the view of whole reactor. The absence of hot spots
is assumed and the homogenization method as Eq. (11) and (14)
is adopted.

3.2.1. Local thermal equilibrium
Usually, the heat transfer with microwave heating in the fixed

bed is modeled assuming the local thermal equilibrium between
gas and solid phase in the porous medium. To this end, Equations
(11–13) are usually applied. In Equation (11), the first term on the
left-hand side is the rate of heat accumulation, and the second and
third terms are convective and conductive contributions. On the
right-hand side, the first term, QMW, is the volumetric power dissi-
pation (see Equation (7)) of microwave irradiation, which was cal-
culated from the electromagnetic field distribution, and the second
term, Qs, stands for the heat loss to the environment by the quartz
reactor walls.

ðqCPÞeff
@T
@t
þ qf CP;fuf � rT � keffrT ¼ QMW þ Qs ð11Þ

ðqCPÞeff ¼ hsqsCP;s þ ð1� hf Þqf CP;f ð12Þ

keff ¼ hsks þ 1� hsð Þkf ð13Þ
Further, in the above equations q, Cp, k are the density, heat

capacity and thermal conductivity, respectively; uf stands for the
flow velocity field, T is the local temperature of the calculated
domain; (qCp)eff, keff are the effective volumetric heat capacity at
constant pressure and effective thermal conductivity, respectively.
The subscripts, s, f, represent the solid phase and fluid phase
respectively and h means the volume fraction for each phase.

3.2.2. Local thermal non-equilibrium
Microwave heating is selective and volumetric, and the solid

phase temperature is usually heated faster than the gas phase.
Hence, the local thermal equilibrium (LTE) assumption is not valid
anymore. Here, we propose to use the local thermal non-
equilibrium (LTNE) approach, in order to solve temperature fields
in both gas and solid phase. Three main points of the LTNE
approach are as follows:
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i. The ‘‘local” term indicates to the pointwise comparison of
the temperatures of solid and gas. Two different equations,
Equations (14, 15), are used to describe the heat transfer
for the solid phase and gas phase, respectively.

ii. The interphase heat transfer is calculated by adopting the
fluid–solid heat transfer coefficient in Eq. (16) (Wakao,
1976; Wakao et al., 1979).

iii. The gas phase is assumed to be 100% microwave transparent
and the microwave heating source term is only available to
the solid phase.

Solid phase:

qsCP;s
@T
@t
þ hsqSCp;Sus � rTs þr � ½�hsksrTs�

¼ QMW þ hsf AðTf � TsÞ þ Qs ð14Þ
Gas phase:

qsCP;s
@T
@t
þ ð1� hsÞqf Cp;fuf � rTf þr � ½�ð1� hsÞkfrTf �

¼ hsf AðTs � Tf Þ þ Qs ð15Þ
Wakao’s equation:

hsf L
ks
¼ Nu ¼ 2:0þ 1:1Pr1=3Re0:6p ð16Þ

In Equations (14–16), q, Cp, k are the density, heat capacity and
thermal conductivity, respectively. u stands for the flow velocity
field; T is the local temperature of the calculated domain. A, hsf rep-
resents the surface area and the coefficient of fluid–solid inter-
phase heat transfer, and s, f in the equations are generally solid
phase, fluid phase. The characteristic length, L, is the particle diam-
eter of the packed bed. Nu, Pr, Rep stands for the Nusselt number,
Prandtl number, and Reynolds number of the particle-based
packed bed, respectively.

3.3. Fluid dynamics

The fluid dynamics in the packed bed are represented by time-
dependent incompressible fluid flow according to Eqs. (17)–(21).
The equations are only solved in the porous media domain where
the fluid flows through the packed bed. The Laminar Flow module
with the setting of porous media is used (COMSOL, 2017a).

Momentum transfer equation:

q
1� hs

@uf

@t
þ q
1� hs

ðuf � rÞuf
1

1� hs

¼ r � �P þ c
1� hs

ðruf þ ðruf ÞTÞ � 2
3

c
1� hs

r � uf

� �

� c
K
þ bF uf

		 		� �
uf ð17Þ

where

K ¼ ð1� hsÞ3d2
p

150 � h2s
ð18Þ

bF ¼
qf ð1� hsÞCfffiffiffiffi

K
p ð19Þ

Cf ¼ 1:75ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
150ð1� hsÞ3

q ð20Þ
6

Continuity equation:

r � ðquf Þ ¼ 0 ð21Þ
In the momentum transfer equation, the first and second terms

on the left side represent accumulation term and convective flow
term, respectively. On the right side, there are pressure gradient,
viscous forces, and the additional term (Bird et al., 2002). The addi-
tional term comes from Brinkman-Forchheimer equation, and this
term takes into account all drag contributions to the fluid flow
exerted by the porous media (Nield and Bejan, 2017). K, bF , Cf, c,
dp represent the permeability of porous media, the Forchheimer
drag coefficient, friction coefficient, gas viscosity and catalyst par-
ticle dimension, respectively.
3.4. Boundary conditions

For the electromagnetic field, the following boundary condi-
tions are set:

i. The microwave frequency is specified as 2.45 GHz and the
waveguide walls are defined as copper with impedance
boundary condition this is to account for the electric surface
current present in the metallic walls.

ii. The ‘‘microwave in” and ‘‘microwave out” ports (see Fig. 1)
are coaxial in and out connectors. Hence, the type of the
ports has been assigned as TEM mode. Only the ‘‘microwave
in” port has been excited with a power of 100 W.

In order to simplify the modeling and simulation of the
designed TMR, several assumptions on boundary conditions for
heat transfer and fluid dynamics are made as follows:

i. The heat loss by the porous packed bed to the environment
is calculated by heat transfer coefficient of 10 W/m2/K
through the quartz wall.

ii. The air domain between porous packed bed and waveguide
is obviously above the ambient temperature. In view of the
aimed reaction of methane valorization, the constant tem-
perature 573.15 K is assumed.

iii. There are multiple adjacent domains in the RTMR model, so
several interfaces come into existence. Considering the sim-
plification and reliability, all the interfaces are assigned as
continuous in temperature, namely Ta = Tb.

For parametric analysis, the flow input is assumed as a fully
developed laminar flow with space velocities varying between
0.135 and 0.54 m/s, and temperatures varying between 297.15 K
and 897.15 K. The boundary conditions at the flow output are zero
heat flux and ambient pressure. Also, the no-slip condition is
applied for fluid flow in porous packed-bed.
3.5. Materials properties and packed bed parameters

The materials properties and the parameters of the porous
packed bed are presented in Tables 1 and 2, respectively.
4. Results and discussion

Three ways can be adopted to control the microwave energy
utilization and temperature distribution in the RTMR:



Table 1
Materials used in the model and their properties.

Relative
permittivity

Relative
permeability

Electric conductivity(S/
m)

Density(kg/
m3)

Heat
capacity
(kJ/kg/K)

Thermal conductivity(W/m/
K)

Copper 1 1 Default Default Default 400
Quartz 3.8–0.00038ia 1 1 * 10�12 2600 820 3
Zeoliteb 3.27–0.57i 1 0 800 0.836 0.15
Air 1 1 0 Default Default Default
Dielectrics of coaxial

connectorc
2 1 0 – – –

Notes: Default means that the built-in database is used and the physical quantity is temperature-dependent, see the details in Table S1.
‘‘-‘‘ means that the physical quantity is not needed.
a. The data is cited from (Nigar et al., 2019).
b The data is cited from (Nigar et al., 2015; Nigar et al., 2019; Satterfield, 1996).
c The dielectrics of coaxial connector is Teflon, and assume it zero dielectric loss here considering its extremely low loss factor.

Table 2
The parameters of porous packed-bed.

Parameter Dimension

Shape sphere
Diameter 1 mm
Porosity 0.4
Specific surface area 3140 m2/m3
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i. Manipulate the microwave field distribution by the reactor
configuration design, such as the optimization of microwave
energy ports’ positions;

ii. Manipulate the load position and geometry of packed bed as
discussed in Section 2;

iii. Manipulate the operating conditions, which is the most con-
venient and important way in industry, such as the fluid
temperature and the fluid velocity of the reactants.

4.1. Optimization of microwave energy input/output ports’ position

According to our proposed standard design procedure for TMR,
preliminary screening regarding the port position, which surface of
the waveguide, need to be done. Our research indicates that the
reflected energy is too high when the configuration of the input
and output port are either on the different waveguide surface or
simultaneously on the side or the end surface of waveguide. Corre-
Fig. 5. The proposed configuration of traveling microwave with e

7

spondingly, the reflected energy is negligible when the ports are on
the upper/lower surface. Therefore, this preliminary configuration
is selected for the further optimization of microwave energy ports
coupled with catalytic bed as depicted in Step 3. The optimization
in step 3 is highlighted below.

As for the coupled optimization as depicted in step 3, Fig. 5
shows the vertical connection of the coaxial cable to the rectangu-
lar waveguide, which shifts TEM mode to Transverse Electric, TE10
mode, smoothly. Two key parameters, the distance between the
coaxial port and the waveguide wall (Din, Dout), influence the
microwave energy transmission significantly. According to the fun-
damentals of microwave engineering (Pozar, 2012b), it is recom-
mended that that distance is one-quarter of vacuum wavelength
(30.5 mm) or waveguide wavelength (43.2 mm). Here, we addi-
tionally adopt two more values (37 mm, 43.59 mm) to perform
the sensitivity study to prove how sensitive to minor change the
microwave travelling is. This leads to 16 variants of configuration
as shown in Table 3.

In the traveling-wave microwave reactor, the input microwave
power is divided into four components, namely: (i) the effective
dissipation, (ii) the loss in waveguide walls, (iii) the transmission
via the outlet port, and (iv) the reflection. Fig. 6 presents the effect
of microwave energy ports positions on energy distribution and it
is obvious that the energy distribution is sensitive to the energy
ports position. The results indicate that the group of Din = 30.5 mm
and Dout = 30.5 mm is the best configuration, which shows the
mphasis on microwave energy input/output ports’ positions.



Table 3
The proposed configurations of microwave ports position.

Configuration No. Din/mm Dout/mm

1 30.5 30.5
2 30.5 37
3 30.5 43.2
4 30.5 43.59
5 37 30.5
6 37 37
7 37 43.2
8 37 43.59
9 43.2 30.5
10 43.2 37
11 43.2 43.2
12 43.2 43.59
13 43.59 30.5
14 43.59 37
15 43.59 43.2
16 43.59 43.59

Fig. 6. The effect of microwave energy ports configurations on energy distribution.
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highest percentage in effective dissipation (27.5%), the least reflec-
tion energy (3.6%) and the highest percentage in transmission via
the outlet port which can be further utilized (Stankiewicz et al.,
2019) and finally its energy efficiency is 27.5%. Comparing all the
configurations, particularly config. 1, 6, 11, 16, we can find that
the reflection is extreme sensitive to the port position and it can
vary from 3.6% to almost 50%. It can also be seen that the distance
to the end wall should be closer to one-quarter of vacuum wave-
length other than waveguide wavelength for either input port or
output port. Plus, the bigger deviation results in higher reflection.
More attention in further research should be paid to weaken the
reflection because the reflected energy is unavailable to the cat-
alytic bed and even harmful to microwave generator.

The study in the following sections are based on the optimized
ports’ configuration (Din = Dout = 30.5 mm).

4.2. Microwave transmission characteristics in the RTMR

Fig. 7 depicts the overall electric field distribution along the
reactor. Two extreme peaks can be observed at the microwave
input port and output port because the microwave mode shifts
from TEM to TE10. In the region of the packed bed, the overall trend
of electric field intensity decreases along with the wavy fluctua-
tion. The wavy fluctuation with the obvious peaks originates from
8

the mix of standing-wave and traveling wave. The imperfection of
traveling wave is expressed by the standing wave ratio (SWR) and
the value is 1.73 (see Section 2.2.2 for thorough understanding).

SWR ¼ Emax

Emin
¼ 1:73
4.3. Temperature distribution in the packed bed without fluid flow

Fig. 8 represents the temperature distribution in the packed bed
under zero gas velocity with a 100 W microwave power input. The
catalyst bed exhibits two high-temperature peaks which are iden-
tical to the distribution of electric field intensity. It implies that the
microwave heating rate is much higher than the heat conduction in
current catalytic bed. Also, the central temperature for each chan-
nel is always higher than that at the edges, which can be seen from
the transverse temperature profile in Fig. S1. In view of the temper-
ature distribution at all directions, in order to achieve more uni-
form (flat) temperature profile, more intense heat conduction of
catalytic bed which is comparable to microwave heating rate is
preferable.

4.4. Temperature distribution in the packed bed with fluid flow

Generally, operational conditions significantly affect the tem-
perature distribution of the packed bed. Fig. 9 depicts the temper-
ature distribution of the catalyst bed with the effect of fluid flow.
Compared to Fig. 8 where two distinct temperature peaks exists,
it is clear that the fluid flow almost make the first temperature
peak disappear and pushes the second temperature peak back
and smoothes the temperature profile to some extent. This is
attributed to the heat transfer behavior from hot catalytic bed to
cold flowing gas.

Also, the results indicate that the temperature of gas phase and
solid phase are almost the same although the local thermal non-
equilibrium approach is adopted. This is different from that
reported by Julian et al. in which they observed a significant tem-
perature difference between gas and solid phase in monolithic cat-
alyst (Julian et al., 2019). We deduce that this phenomenon is
attributed to faster heat transfer in particle-based catalytic bed
in comparison with that in monolithic bed since the particle-
based catalytic bed herein owns higher specific surface area
(3140 m2/m3 in this study vs. 2740 m2/m3 for monolithic bed)
and the gas turbulence can be formed (in contrast, laminar flow
in monolithic bed). The above speculation is also supported by
the experiments recently reported by Ramirez et al., where they
compared gas–solid temperature difference between foam-based
bed and monolithic bed and find that higher gas–solid contact
weakens the gas–solid temperature difference (Ramirez et al.,
2020).

Fig. 10 shows the effect of gas temperature on the temperature
profile in the packed bed. It is obvious that lower gas temperature
generates less uniform temperature profile and the temperature
deviates the average temperature much more. But too low inlet
gas temperature, for instance 297.15 K, will definitely quench part
of the packed bed, it leads to dramatically decreasing catalytic
region available and efficient for activating the catalytic reaction
because the catalytic reactions need to be activated above certain
a temperature and more efficient in small temperature range. In
order to achieve a flat temperature profile which is the most desir-
able for the catalytic reactor, higher input gas temperature, partic-
ularly closing to the average temperature of the packed bed, is
highly desired. Therefore, the preheating of the gas in the RTMR
is recommended as used in the conventional heated reactor.

Fig. 11 shows the effect of gas velocity on temperature profile in
the packed bed. It can be observed that higher gas velocity brings



Fig. 7. Normalized electric field intensity distribution along the reactor. Data lines represent 6 sampling positions along the centerline of each channel in the packed bed.

Fig. 8. Temperature distribution without fluid flow in the packed bed. (a) Central cross-section, (b) the average temperature of the central cross-section.
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about the steep temperature profile, and the deviation from aver-
age value can reach up to 35%. Obviously, higher temperature gra-
dient in the reactor shrinks the efficient region for catalytic
reactions, which reminds us that a lower gas flow rate is preferable
in terms of obtaining the flat temperature profile. However, higher
gas velocity can produces high process throughput, in this way we
should weigh the importance between the throughput and the effi-
cient catalytic region and find the balance to maximize the process
throughput per RTMR reactor volume.
5. Conclusions

In this study, we have introduced a 3-step standard procedure
for designing a novel rectangular traveling-wave microwave reac-
9

tor with fixed bed of catalyst and point out the microwave propa-
gation features in the RTMR. We build the mathematical model
which successfully couple electromagnetic field, heat transfer
and fluid dynamics in COMSOL Multiphysics simulation environ-
ment. Based on the multiphysics model the structural and opera-
tional optimization has been studied. From the performed
research the following conclusions can be drawn:

i. The microwave propagation inside the RTWR is the mix of
ideal traveling-wave and ideal standing-wave, the extent
of which can be described by the standing-wave ratio. In this
case, it is 1.73 and higher deviation from one indicates more
component of standing wave that is unwanted.



Fig. 9. Temperature distribution in presence of fluid flow in the packed bed (gas temperature: 297.15 K, gas velocity: 0.135 m/s). (a) central cross-section, (b) the average
temperature of the central cross-section for both gas phase and solid phase.

Fig. 10. The effect of gas temperature on temperature profile in the packed bed under the gas velocity of 0.135 m/s. (a) the temperature profile, (b) the relative deviation from
average temperature.
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ii. The positions of microwave energy input/output ports mat-
ter and affect the energy allocation in the whole RTWR sys-
tem. The best configuration is Din = Dout = 30.5 mm and in
this case the highest energy efficiency (effective dissipation
27.5%) and lowest reflection (3.6%) are achieved.

iii. The temperature profile in the axial direction is wavy in
absence of the gas flow. It proves that the microwave heat-
ing rate is far higher than the heat conducting ability of
the porous packed bed and the more conductive bed should
be used for a smooth temperature profile.
10
iv. There isnoobviousdifferencebetweengas andsolid tempera-
tures although the local thermal non-equilibrium approach is
adopted, so whether there is significant discrepancy between
gasandsolidtemperaturereallydepends:moregas–solidcon-
tactinthecatalyticbed(i.e.turbulence,highspecificsurfacearea
etc.)decreasesgas–solidtemperaturedifference.

v. The operational conditions (gas temperature and velocity)
affect the axial temperature profile tremendously. The max-
imum deviation (circa 35%) from averaged temperature
occurs at the lowest gas temperature (297.15 K as studied)
and the highest gas velocity (0.54 m/s as studied). This imply



Fig. 11. The effect of gas velocity on temperature profile in the packed bed under the gas temperature of 297.15 K. (a) the temperature profile, (b) the relative deviation from
average temperature.
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that both gas pre-heating and gas velocity should be well
considered in order to maximize the energy efficiency and
process throughput per reactor volume.

All in all, this paper provides fundamental insights in the devel-
opment of traveling-wave microwave reactors and paves the way
for bridging the gap between microwave chemistry and industrial
practice.
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