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Abstract: Microwave devices are widely used in the industry and in the specialized labo-
ratory analyses. Development of such devices requires the possibility of modeling of
microwave energy distribution in the specific resonant chambers. Until now, such mo-
deling was possible only with the use of commercial software or was limited to specific
cases. The paper presents an open-source module for ELMER software for solving time-
harmonic Maxwell’s equations, allowing modeling of microwave waveguide lines. Three
test cases of different resonant chambers are investigated at 2.45 GHz frequency. Model-
ing results obtained from the open-source ELMER Vectorial Helmholtz module show
that the application of this software can be effective in R&D works, enabling high-tech
small and medium enterprises involvement in advanced microwave technology.
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1. Introduction

Modeling of key elements of developed devices is an important part of the development
process, reducing its cost and increasing its efficiency. The most flexible method of this mo-
deling, commonly implemented in commercial development tool chains is the finite element
method (FEM) [1]. However, development of special devices, such as microwave chambers
for drying e. g. in the food industry [2], require specialized modeling software, which is ex-
pensive. As a result, development of special microwave devices is monopolized by large-scale
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companies, which are able to cover significant investment costs at the beginning of the deve-
lopment process.

Recently, the open source modeling software is becoming a more and more important
alternative for the commercial programs, which creates the possibility of development for
small enterprises. One of such solutions is ELMER, enabling FEM modeling of mechanical,
thermal, electrical and magnetic systems. However, until now, it was not possible to model
microwave systems with this software, which makes microwaves one of the last area, where
FEM modeling during the development of devices was limited by necessity of large in-
vestment in commercial modeling software.

This paper presents the solution overcoming this problem. An open source ELMER finite
element method oriented software [3] was equipped in a module enabling the calculation of
microwave distribution in the resonant chamber. Open source Delaunay tetrahedral meshing
modules [4], visualization software and solvers using conjugate gradient-oriented algorithms
previously available in ELMER were applied to solve the proposed set of differential equa-
tions.

2. Method of modeling

Real technical cases, described by the full set of differential Maxwell equations, are very
difficult to be modelled, even using advanced methods and high power computers [5]. For this
reason, Maxwell equations are reduced to describe the specific cases, such as magnetostatic,
magnetodynamic, optics or microwaves.

In the developed module, the time-harmonic Maxwell equation system for magnetic field
B = Boe ! is given as [6]:

WV XE =ioH 7 o
VxH =—ioe E+J, @
o=2nf, ©)

B =HokHyr, 4)
E=¢€0Ep, ®)

where: f is the frequency of the electromagnetic field, po is the magnetic permeability of free
space, py is the relative magnetic permeability, g is the electric permittivity of free space and
gr s the relative electric permittivity of material. E, H and J are: an electric field vector,
magnetic field vector and current density vector respectively.

In the developed Vectorial Helmholtz module for electromagnetic (microwave) calcula-
tions in ELMER, two kinds of boundary conditions are implemented. The Leontovich impe-
dance boundary, where conductivity oc and permeability uc are bulk conductivity and perme-
ability of the wall, is described by the Robin boundary condition [7, 8]:
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a=-iouZ,'and g =0, 6)

where: g is the given vector function defined on 6Q, which is the boundary of the compu-
tational domain Q on which the equation is to be solved. It can be described with the equation:

g=NxVxE—-anx(nxE). )

Z, is the surface impedance given as:

_ i) [Be®
Zy =) 52 ®

The second kind of boundary is the first order absorbing boundary. The computational
domain is now Br and 0B is the boundary of the domain. It can be given as [7, 8]:

NxVxE =iw,/ggugnx(NxE) on 0Bg. 9)

This leads to the Robin boundary condition [7, 8]:
o =iom./egug and g=0. (10)

Moreover, port feed is given by the following equations [7, 8]:

a=-if and g=2ip(hxE)xn, (11)

where: Ep is a wave propagating through the port feed, B is a propagation constant.

Finite element modeling requires three main steps: meshing of the objects, solving the
finite element differential equations and visualization of the results.

Open-source meshing software is dominated by NETGEN [9] developed mostly by Prof.
Joachim Schéberl and his team of Johannes Kepler University Linz and GMSH [10] deve-
loped by Prof. Christophe Geuzaine of University of Liége and Prof. Jean-Frangois Remacle
of Université Catholique de Louvain. Modules of this software are implemented in other FEM
toolchains, such as SALOME.

ELMER FEM [3] is the most advanced finite element differential equation solver available
as an open source. It implements most of the models of physical systems (covering mecha-
nical, thermal, electrical and magnetic) as well as the set of solvers based on the conjugate
gradient method, optimized for large-scale calculations. It should be stressed that ELMER
natively works in the Linux systems, where matrix-oriented, multicore calculations can be per-
formed very efficiently using openBLAS [11] and ATLAS [12] libraries. WINDOWS-based
compilations are available, however, they are significantly slower.

The last step is visualization of the results of calculations. Natively for ELMER FEM,
visualization may be done with a built-in VTK module [13]. It is also possible to visualize the
results of modeling with more advanced PARAVIEW [14] or SALOME [15] software.

It should be stressed, that the background of ELMER FEM development is not only open-
source but also an open-standard approach. This means that both input and output file stan-
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dards are available, and both meshing and visualization of the results may be performed by
a wide range of software (both open-source and commercial).

3. Tetrahedral meshing
Fig. 1 presents the examples of the results of tetrahedral meshing of two microwave sets.
The first one is a rectangular cavity with a microwave port. The second is a standardized
WR340 waveguide for 2.45 GHz with a cylindrical cavity attached to one of its end. Meshing

was performed by NETGEN software.

a)

Fig. 1. Tetrahedral meshing of two microwave sets: a) rectangular cavity with microwave port;
b) standardized WR340 waveguide for 2.45 GHz with cylindrical cavity attached

4. Results of modeling

Fig. 2 presents the results of simulations of electric field amplitude for two rectangular
cavities with the microwave feeding port.
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Fig. 2. The results of simulations of electric field amplitude for two rectangular cavities with the
microwave feeding port: a) cavity length equal to 130.5 mm, top view; b) the length equal to 260.1 mm,
top view; c) cavity length equal to 130.5 mm, side view; d) cavity length equal to 260.1 mm, side view

The length of the first cavity was 130.5 mm, whereas the length of the second cavity was
260.1 mm. The microwave port was fed with a frequency of 2.45 GHz. In both cases the
standing wave can be observed, however, the amplitude of the waves in the second case is
higher.
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Fig. 3 presents the directions of the vector of a magnetic and electric field in the first cavity
with a length equal to 130.5 mm. It can be seen that the magnetic field is rotating, whereas the
electric field is in the direction of the symmetry axis feeding port.

Fig. 3. Spatial distribution of vectors in a rectangular cavity with a length equal to 130.5 mm:
a) magnetic field; b) electric field

Fig. 4 presents the results of optimization of the cylindrical cavity of the microwave dryer.
A standardized WR340 waveguide for 2.45 GHz was attached to one of cylindrical cavities
with a different diameter. It can be clearly seen that the resonance in the cavity occurs for its
diameter equal to 250 mm.
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Fig. 4. Distribution of the amplitude of an electric field in cylindrical cavities attached to WR340
waveguide (frequency f =2.45 GHz). Cavities with diameter: a) 250 mm, top view; b) 400 mm, top
view; ¢) 250 mm, side view; d) 400 mm, side view

5. Conclusion

The presented results indicate that it is possible to perform 3D simulations of microwave
devices using open-source software for the finite element method. Moreover, such simulation
may be carried out using NETGEN software for meshing, ELMER FEM for model definition
and solving the set of differential equations, as well as a VTK toolbox for visualization of the
results.

The presented results confirm that optimization of the dimensions of microwave cavities
may be performed using the presented software. Moreover, the occurrence of the standing
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wave and the resonance may be predicted and the value of amplitude of electrical field may be
assessed. Such simulations, based on the open-source software are especially important for
small, high-tech companies involved in microwave technology.
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