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Plasma generation devices are important technology for many engineering disciplines. The process for
acquiring experience for designing plasma devices requires practice, time, and the right tools. The prac-
tice and time depend on the individual and the access to the right tools can be a limiting factor to achieve
experience and to get an idea on the possible risks. The use of Elmer finite element method (FEM) soft-
ware for verifying plasma engineering design is presented as an accessible tool that can help modeling
multi-physics and verifying plasma generation devices. Furthermore, Elmer FEM will be suitable for
experienced engineer and can be used for determining the risks in a design or a process that use plasma.
A physical experiment was conducted to demonstrate new features of plasma generation technology
where results are compared with plasma simulation using Elmer FEM.
� 2016 Karabuk University. Publishing services by Elsevier B.V. This is an open access article under the CC

BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction and background

The design of plasma employing devices is a complex process
demanding experience and skill that can be acquired with practice
and time. The access to the laboratory equipment for prototyping
of plasma devices can be expensive and hazardous to health, espe-
cially when the preliminary models are not sufficiently under-
stood. It is possible to gain a perspective on the basic plasma
physics by investigating the process specific parameters, although,
it would be best to visualize any these behaviors in the process.
Therefore, a multi-physics tool suitable for modeling plasma
behavior would be beneficial to have a handle on the process
parameters and variables. The training of engineers to familiarize
with plasma processes is critical for achieving reasonable outputs
from the plasma simulations, as would be the case for the engi-
neers dealing with structural analysis, heat transfer, or computa-
tional fluid dynamics (CFD). Respectively, certain simulation tools
are available commercially and the licensing for their use is avail-
able, other simulation tools are available as a result of the govern-
ment research and made available to the public and academia
under that government. The use of the government provided soft-
ware is unlike the commercial software due to the level of detail
and certain aspects of user interface. Elmer FEM is a hybrid case
of a multi-physics software that was developed for the national
CFD program by a chain of Finnish universities and in collaboration
with engineering industries in 1997, and it was licensed under
GNU public license in 2005 [1]. This software has a significant
foundation that can be used in training of the aspiring plasma
physicists and engineers if the case studies of plasma behaviors
can be validated. Hence, the objective of finding and validating
possible case studies was found worthwhile pursuing because it
would allow for a wider range of interested engineers to gain expe-
rience in modeling plasma phenomena and allow to estimate the
regions of risk and danger in the devices using plasma processes.
Education and the access to the right tools can help in making
designs that are safe and testing such tools is an essential step to
validating their applicability [2,3].

The theory describing the flows interacting with the electro-
magnetic fields has been actively used for modeling liquid metals.
The complex fluid behavior of plasma is unlike the metal flows due
to its compressible properties and unique qualities of Coulomb
interactions [4]. The foundational plasma research involved the
plasma flow interactions with the electromagnetic fields, which
lead to the culmination of fluid dynamics and electro-dynamic the-
ories, generally confined to the study of Magneto-Hydro-Dynamics
(MHD) [4].

The FEM discretization is based on a piecewise representation of
the solution in terms of the basic functions [5]. The computational
ethods,
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Nomenclature

Symbol Definition
B magnetic field (T)
E electric field (V/m)
E Energy (J)
h Planck constant (6.626 � 10�34 J s)
I current (A)
J current density (A/m2)
kB Boltzmann constant (1.380 � 10�23 J/K)
m total mass (kg)
_m mass flow rate (kg/s)
M molecular mass (kg/kmol)
n number of particles (electrons, ions per m3)

p pressure (Pa)
qe electron charge (1.602 � 10�19 C)
t time
T temperature (K)
Te electron temperature (K or eV)
v velocity of particle or fluid (m/s)
V voltage (V)
gopt-Air Stoletov constant (81 eV/ion-electron pair)
H heat flux (W/m2)
l viscosity (Pa�s)
rp plasma conductivity (S/m)
q density (kg/m3)
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domain of the body of interest is divided up into smaller, finite ele-
ment, domains and the solution in each element is constructed
from the basic functions. The equations solved are typically
obtained by restating the conservation equation in a weak form:
the field variables are written in terms of the basic functions, the
equation is multiplied by appropriate test functions, and then inte-
grated over an element [5]. For Elmer FEM a system of multi-
physics equations that encompass MHD phenomena can be
obtained for plasma, and solved based on the initial and boundary
conditions set into the simulation. The design safety can be
Fig. 1. Plasma device design flow-ch

Please cite this article in press as: D. Bondarenko et al., Engineering design of p
Eng. Sci. Tech., Int. J. (2016), http://dx.doi.org/10.1016/j.jestch.2016.07.015
achieved for the plasma devices by following through with a design
approach outlined in the following flow chart, as shown in Fig. 1 [6].

The flow chart provides a process for the design approach with
intrinsic focus on safety, where the design features are considered
to be approached with an engineering design grounded in physical
and safety foundations. This approach makes sense when the key
tool for the design validation is tested. In present work, the first
column of the chart is used in the method of approach, and the sec-
ond and third column are used in the section on results and discus-
sions respectively.
art process using Elmer FEM [1].

lasma generation devices using Elmer finite element simulation methods,
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The proposed research will support number of industries such
manufacturing, one example is shown in cutting applications [16].

2. Method of approach

The method for validating the performance of plasma simula-
tion by Elmer FEM is conducted by an experiment. First, a physical
prototype of a direct discharge plasma generator is made with the
data acquisition instrumentation. A model of the generator is
reproduced in Elmer FEM and the results of the simulation are
compared to the results of the experiment.

In the experiment, it is assumed that the plasma working gas is
air that is dry and has a molar mass is roughly 28.9645 g/mol at
standard ambient temperature and pressure (SATP). It is also
assumed that the plasma behaves closely to an ideal gas, since
the conditions are near vacuum and the collisional effects are far
below the levels of fusion scenarios. The continuity of fluid behav-
ior in the experiment is assumed to remain valid. Lastly, the pres-
sures of plasma are expected not to exceed the SATP conditions,
hence the convection of fluids is possible [7,8].

Fig. 2 presents a schematic of the plasma generator experiment
and Fig. 3 presents the physical layout. The most notable experi-
ment risks in this configuration include the use of high voltage
and high current electrical equipment under vacuum conditions.
Fig. 2. Schematic layout for direct

Fig. 3. Physical layout for the dire
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The corresponding risk components needed to be handled in the
experiment include a 9000 V transformer and 3.8 L vacuum cham-
ber. The radio-frequency (RF) circuit combined with the DC power
supply is intended for future work when a stable source is obtained
for investigating plasma resonance phenomena, as of current time
the results of RF assisted configuration are pending review. Fig. 4
presents the plasma generating end of the experiment. This nozzle
and probe configuration has to be pre-assembled onto the vacuum
chamber lid prior to the conduction of any experiments. Respec-
tively, there is a safety procedure for working with this configura-
tion. A person responsible for assembling this working end is
required to use the utmost care during handling. The use of insu-
lating surgery gloves are highly advised to prevent the contamina-
tion of the components by any alien contaminants. In case the
device is deemed to have been contaminated, it is advised to use
cotton damped with a 99% propanol solution and clean any of
the surfaces under suspicion. Lastly, the plasma generator assem-
bly with lid of the vacuum chamber needs to evaporate any of
the propanol remnants before being mounted onto the steel vac-
uum chamber.

The primary control mechanisms of the plasma generation pro-
cess in the experiment include the activation of the high voltage
transformer and the control of the gas inflow via the insulated inlet
valve. Provided the relatively crude assembly of the experiment,
discharge plasma experiment.

ct arc discharge experiment.

lasma generation devices using Elmer finite element simulation methods,
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Fig. 5. Circuit diagram of the triple Langmuir probe.
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the awareness of these control components and their careful uti-
lization are essential to keeping the investigators and the experi-
ment safe.

The process measurement and data acquisition allows to evalu-
ate the critical plasma variables. In the experiment presented,
there are four primary variables that can assist in determining
the properties of plasma: vacuum pressure, power used in genera-
tor, and the combination of current and potential readings from the
triple Langmuir probe.

The pressure inside the vacuum chamber is measured using the
pressure gauge, and as far the practical experiments allow, this
measurement proved to be quite sufficient to indicate the gas flow
rate into the plasma generator; the velocity of the flow entering
into the plasma generator was measured to be 9.701 m/s. The
power use of the plasma generator is found by taking the readings
of the potential and current supplied by the device as set by the
power supply, in the case of the transformer it is rated to provide
alternating current at 9000 V and 30 mA, or a power of 270 W. The
voltage and current of a plasma often fluctuate, hence, the RMS val-
ues are used [9]. If the measurements are taken at the generator
side, in term of the power used from the power grid, it is possible
to use digital means. However, if the readings are taken directly at
the plasma, the conventional digital meters may not be reliable
due to the high-frequency behavior of the plasma. Hence the mea-
surement of power used by the device is measured from the grid
side, and compared to the power used by the coupling coil. If the
voltage and current are stable, the analog or digital instruments
calibrated for DC, average, or RMS waveforms can be used [9].

The triple Langmuir probe is slightly more detailed and
involved in terms of the plasma diagnostics, as it helps to deter-
mine the electron temperature, Te, the current density, Jplas, and
the electron density, ne. The circuit detail of the triple Langmuir
probe (TLP) is presented in Fig. 5, where the three rods are conduc-
tive tungsten probes exposed to plasma.

There are two variables that are measured directly using this
probe: the potential across a positive lead and a neutral lead (V
in the Fig. 5), and the current conducted by the plasma between
the positive and the negative leads (A in the Fig. 5). The potential
supplied by a steady potential source is set to 10 V and it has
shown to be sufficiently reliable to yield a maximum systematic
error of 15% in similar experiments [10,11]. In order to find the
electron temperature, the current density, and the electron density,
the formulas derived via an experiment are [11]

Te ¼ V
lnð2Þ ½eV� ð1aÞ
Fig. 4. Plasma generator assembly.
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Jplas ¼
A

ProbeArea
� 1

10
�V
Te � 1

½A=m2� ð1bÞ
ne ¼
Jplas � exp 1

2

� �
qe

ffiffiffiffiffiffiffiffiffiffiffiffi
qe � Temi

q ½particles� ð1cÞ

The probe area is the area of plasma contact with the probe, in
the experiment it was found to be 0.0002005 m2, by using the Ver-
nier caliper and measuring an area of probe’s thermal discoloration
at the end of experiments. The voltage and current may vary from
cycle to cycle in the plasma generating processes where plasma
can move and be affected by the supply gas flow. When the plasma
voltage and current fluctuate with time the only true measurement
of these quantities can be made using an oscilloscope [9]. Hence,
there are some errors encountered in the TLP. When the probe is
inserted into plasma, its electrically conducting surface superim-
poses an equi-potential in the plasma region thereby forming a
space charge and flow of current between the probe leads [8]. A
space charge preserves charge equilibrium in the plasma. The elec-
trons have a much higher velocity than the ions and they strike the
probe more and form a negative space charge due to the few slow-
moving positive ions in the region [11]. The problem of disrupting
the plasma is overcome partially by the Langmuir probe via appli-
cation of a bias voltage to the probe and nullifying the current flow
from the plasma, so that a floating potential V is produced equal to
the local potential in the undisturbed plasma [11]. Also, by making
the probe diameter very much less than the principal dimensions
of the plasma and the probe face, leads to minimization of the
effect on the local electric field in the plasma. In the experiment
the chamber pressure is maintained at 7.2 kPa, and the use of the
TLP provides fair results that can be used for verifying computa-
tional simulations [11]. Also, the multitude of samples for the
potential and the current attained from the TLP are normalized
to have average values with a specific standard deviation based
on the samples.

The method of plasma generator simulation is entwined with
multi-physical descriptions of sub-systems and components. These
descriptions are distinguished for each composing part of the over-
all plasma generator and combined in order to produce a model
matching with the experiment. The dimensions for the experiment
lasma generation devices using Elmer finite element simulation methods,
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Fig. 6. Plasma generator working region model.

Fig. 7. Toolboxes used for plasma generator device in Elmer FEM.
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and the key components of the plasma generator are highlighted in
Fig. 6.

The conditions for the plasma simulation are as follows:

1. The mesh size near the boundary walls is set to 0.05 mm.
2. The peak velocity of the gas entering the plasma generation

region is 9.701 m/s.
3. The Large Eddy Simulation is conducted under the assumption

of plasma viscosity equivalent to 1.983 � 10�5 kg/(m�s) and at
a Smagorinsky constant of 0.1.

4. The plasma heat conductivity is approximated to be nearly
equivalent to the air conductivity 0.002 W/(m�K).

5. The reference Temperature is 297.15 K and the reference pres-
sure is 7.181 Pa.

6. The electric conductivity near the electrodes is 1.689 � 10�5 S/m.
7. The heat capacity of the air plasma has been approximated to

be 1005 J/K with the air density being 0.084 [kg/m3].

In order to model the plasma gas supply source, it is necessary
to consider the compressibility of gases entering the plasma cham-
ber, the boundary layers that would occur near the chamber walls,
and the ionization energies of the gases, and the behavior under
turbulent conditions. The gas supply has to provide a controlled
amount of substance to sustain plasma without extinguishing it,
and, at the same time, it has to keep the generator chamber walls
cool. The use of Elmer is suitable for complex multi-physics mod-
els, although it will also be crucial to consider the effects of heat
transfer and possible back-flows that pose a danger of affecting
the plasma generator structurally as well as impeding the flow
and de-stabilizing the plasma generation regime. The modeling
of the plasma exiting the generation and confinement region will
be based on fluid behavior and the effectiveness of the acting noz-
zle. The plasma initiation region is created via the high-field elec-
tron emission. The process of ionization occurs due to the stripping
of electrons from the atoms of working gas, thereby creating a
focused region of charged particles. This region can be shifted
depending on the requirements for plasma generation and confine-
ment. The modeling methodology of the ionizing configuration is
intrinsically complex and deals with matters bordering quantum
mechanics. However, it is possible to model the interaction with
working gases and plasma by the use of the FEM. The plasma gen-
erator device will primarily depend on the combined performance
of the high-field emitter the arc coupling, flow of the working gas,
and heat transfer effects. The collisional effects and the particle
retention will be of the main interest in terms of the similarity to
the experiment, hence the temperature of the flow, the plasma
Please cite this article in press as: D. Bondarenko et al., Engineering design of p
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current and the behavior of the ionized species attained by the
simulation will be compared to the experimental results. The asso-
ciated toolboxes that have been used in the plasma simulation pro-
cess are presented in Fig. 7, below [1].

3. Fundamental theory and calculations for Elmer FEM

The importance of familiarizing engineers with the plasma phe-
nomena and its risks is not only in the matter of plasma being a hot
ionized gas that can violently react depending on the surrounding
chemicals, it is also able to interfere with sensitive electronics and
lead to irreparable damage. For modeling of plasma devices, the
use of Elmer FEM requires some fundamental understanding of
plasma physics, MHD, and the property interactions of between
the plasma and the boundaries. The full set of a steady state
MHD flow equations are the following:

@q
@t

þ v � rq ¼ 0; ð2aÞ

@qv
@t

þ v � rqv ¼ �rpþ lr2v �r 2
3
lr � v

� �
þ qqðEþ v

� BÞ; ð2bÞ

@E
@t

þ v � rE ¼ r �Hþ lr � v � 2
3
lr � v

� �� �
� v þ qqE � v ; ð2cÞ

r � E ¼ �@B
@t

: ð2dÞ

Equation set (2) is the equations of flow continuity, flow
momentum, energy, and Faraday’s law, respectively. The
nomenclature of the equations is mentioned at the beginning of
lasma generation devices using Elmer finite element simulation methods,
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Fig. 8. Bell curve for the TLP current readings.
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the paper. The explanation of the equations is to be understood by
the reader [4].

The reductive form of the turbulent flow under the simplified
conditions does not make it easy to compute it along with the
equations for the plasma behavior. Hence, although the methodol-
ogy taken in modeling the plasma behavior implements the theo-
retical foundations presented, solving the Navier–Stokes equations
with the MHD coupling terms even for the steady state flows
would become an intensive mathematical challenge of solving
complex partial differential equations. In order to avoid this cum-
bersome path the application of FEM for computing the fluid-
dynamic changes at very fine meshes will be implemented through
Elmer FEM as it can closely produce a solution via the use of a Large
Eddy Simulation (LES) technique, which has the capacity to com-
pete with the direct numerical simulation (DNS), provided it is
done correctly [7,8].

The LES technique makes approximations, unlike the DNS
method, though these approximations are based on the rigorous
data sampling of actual flows. By and large, the LES method takes
into account the physical phenomena and implements the ODEs
with approximations based off the measurement of eddies in the
experiment, thereby making the equation value models work
together with the real-world data. The coupling to electric and
magnetic fields can be expressed through a variable for external
force acting on the fluid [7]. In electro-kinetics the fluid may have
charges that are coupled to external electric fields and lead to an
external force. The charge density may be a variable, depending
on how quick the ions are generated and removed, although in
steady state it can be approximated to be constant. Also, if the fluid
has ionized species it will also couple with the magnetic field [12].
The diffusion-advection-convection effect in flow is the transport
of scalar quantity of ionized species by diffusion, advection, and
convection. The difference in the nomenclature usually indicates
that an advected quantity does not have an effect on the velocity
field of the total fluid flow, and a convected quantity as in [1].
The diffusion–advection–convection effect is derived from the
principle of mass conservation of each species in the fluid mixture
and may have sources or sinks either at the boundary conditions or
within the body of plasma. Hence, multiple advection–diffusion
equations may be coupled together to analyze plasma interaction
in mixtures and convective flows at different temperatures. If the
velocity field is zero, then the advection–diffusion equation
reduces to the diffusion equation, which is applicable only in solids
[7].

The modeling of the direct discharge plasma generation uses
the multi-physics Elmer FEM toolboxes based on the estimations
of the plasma properties. The key property to modeling the plasma
discharge is the plasma conductivity. Provided all the initial and
boundary conditions were set correctly the limits of the electron
temperature, the current density, and the electron density will be
determined by this property. For the sake of modeling with avail-
able computing power, it was assumed that the plasma is quasi-
neutral, and that the resistive modeling of plasma is applicable.
The conductivity computation for the plasma can be roughly esti-
mated as a ratio of current passing between the surfaces at ionizing
potential. The simulation critical variables known prior to the con-
figuration of the experiment and the simulation include the cur-
rent in the arc discharge (I = 0.152 A), the potential (V = 9000 V),
the reference pressure (Pref = 7180.8 Pa = 53.86 Torr), and the
RMS mass transfer coefficient between the electrons and ions
me
mi

� 1ffiffi
2

p ¼ 1:36 � 10�5 [13]. Based on the current and the potential

it is possible to attain an approximate ion-electron generation rate,
using the Stoletov constants (gopt-Air = 81 eV/ion-electron pair) and
the following relation, where, qe is the fundamental charge unit
1.602 � 10�19 C [14]:
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ne ¼ I � V
gopt-Air � q

ð3Þ

In Elmer FEM, the concentration at the boundary is expressed as
a ratio to the number of available neutral particles. In the current
case, the rate of neutral particles entering the chamber corre-
sponds to the flow rate found to be 2.47 � 1020 particles/s. The ratio
of these rates yields a value that is interpreted by Elmer for com-
puting the ion behaviors in the plasma 0.426415 ion/particles.
The concentration flux is the other parameter necessary to com-
pute the plasma behavior, it is approximated at the emitter to
roughly correspond the number of ions passing through the area
confined by the glass (ceramic) chamber FluxArea = 1.257 � 10�5 m2.
The equation for concentration flux states:

�Mi

FluxArea
¼ _ni �mi

FluxArea
ð4Þ

For the direct discharge mode, the concentration flux is com-
puted to be 0.397 kg/m2 as required to set the boundary conditions
in Elmer FEM. If plasma is unaffected by the flow the theoretical
plasma temperature can be estimated using the Saha equation
[15] to yield 23365 K or 2.014 eV. This value showcases an upper
limit to the ideal quasi-neutral plasma state provided that the spe-
cies have indeed ionized fully and neither any external flow nor
any heat dissipative sinks are present. The computation of the
expected current density reading range and the expected Joule
heating parameter are based on the Elmer FEM models manual
[1]. Although, the plasma conductivity can be obtained from the
experiment for the direct discharge configuration, the attainment
of this parameter for the single emitter condition is made signifi-
cantly easier by approximating the conductivity based on the
potential available at the emitters and the emission current.

4. Results and discussions

It is worthwhile to consider the implications of experimental
data with respect to the limitations of the triple Langmuir probe.
As mentioned before, the maximum error in the case of the triple
Langmuir probe can reach 15% of the measured value. The experi-
mental data samples for the current and the potential readings
from the TPL are presented in the Figs. 8 and 9, respectively. The
samples have been normalized to a bell curve with 36 samples
for the current readings and 52 samples for the potential readings.
lasma generation devices using Elmer finite element simulation methods,
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Fig. 9. Bell curve for the TLP potential readings.

Table 1
The plasma properties for the direct discharge configuration measured using TLP.

Method Te [eV] Jplas [A/m2] ne [m�3]

Direct discharge min. 0.036 1800 0.93 � 1020
Direct discharge ave. 0.043 2100 1.09 � 1020
Direct discharge max. 0.049 2400 1.26 � 1020
Simulation results 0.043 12,000 1.30 � 1020

Fig. 10. Plasma temperature profile in Kelvins.

Fig. 11. Ion concentration ratio profile from 0% to 65%.
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Based on the averaged experimental findings, the electron tem-
perature (Eq. (1a)), the current density (Eq. (1b)), and the electron
density (Eq. (1c)) have been computed. The average values in terms
of the maximums and minimums, in accordance with the 15% error
of the TLP, as well as the results obtained from Elmer FEM, are indi-
cated in Table 1.

Provided that the measurement using the triple Langmuir probe
do not yield the exact values, it is useful nonetheless to have a
range of values at minimal and maximal errors. Using a hypothesis
testing approach for the Gaussian distribution in terms of the elec-
tron Temperature and density, it is possible to have a 99.9% confi-
dence that the results obtained by the simulation are in accordance
with experimental observations. Furthermore, although the equip-
ment setting that was used for the experimentation is not on par
with a high budget lab, it does the job it was set out to do. As far
as the experimental results are concerned (as made evident in
the table above), the experimental setting has done a good job in
verifying the functionality of Elmer FEM as a tool for modeling
plasma phenomena. The figures below are representative of the
results for the direct discharge and include the properties of
plasma such as temperature, the ion-to-neutrals concentration
ratio, current, and the magnetic strength.

Figs. 10–13 showcase the results obtained from the Elmer FEM
solver for the direct plasma discharge at the conditions equivalent
to those observed in the experiment. Fig. 10 showcases the tem-
perature distribution of the plasma with the regions of highest
temperature located near the electrodes.

The Fig. 11 presents the ion concentration ratio for the region of
plasma generation with respect to the gas particles available in the
chamber. The highest concentration of the ionized particles is
shifted to the left of the cathode due to the flow carrying the ion-
ized particles from their source of origin. On other hand, Fig. 12
shows the current per unit length (A/m) profile for the arc dis-
charge and showcases that despite the high electron concentration
not all the electrons are able to contribute to the ionization process
Please cite this article in press as: D. Bondarenko et al., Engineering design of p
Eng. Sci. Tech., Int. J. (2016), http://dx.doi.org/10.1016/j.jestch.2016.07.015
observed in Fig. 11 due to their low energy and the passing through
the gas without collision with the neutral gas. The electric current
in the gas results in the magnetic field distribution near the elec-
trodes that is showcased in Fig. 13. The magnetic field is focused
near the rightmost electrode dominates in the cross section profile
due to the emission near the sharp tip.

Based on the experimental findings and the computational
models it is possible to draw some conclusions to the matters of
using Elmer FEM for simulations of the plasma generator. It is pos-
sible to implement the computer models and produce working
concepts that are able to closely match the results of an experi-
ment. However, several pitfalls of using equations prior to setting
of an experimental model need to be addressed as it may become
evident that there are discrepancies between what has been com-
puted, and what has been found via an experiment and simula-
tions, particularly made evident by the high current density in
the simulation as compared to the experiment.

The reasons for the possible deviations between the experimen-
tal and simulation results include:

1. Secondary emission as a result of AC discharge; more electrons
are generated as a result of alternating electric fields.

2. Spread of the electron flow onto the Langmuir probe; the elec-
trons disperse and create a differentiating flow of ions.
lasma generation devices using Elmer finite element simulation methods,
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Fig. 12. Current per unit length of arc profile in A/m.

Fig. 13. Magnetic strength profile in mT.
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3. Splattering effect from the walls; the electrons bombarding the
back wall reflect back at the Langmuir probe due to the proxim-
ity of the wall and the secondary emission effects.

4. General flow effects; flow simply reflects back at the Langmuir
probe due to the proximity of the wall.

It is worth noting that the differences between the results
obtained by experiment and from the simulation are fairly small.
The area of interest is near the outlet of the generator and in all
cases it is relatively uniform. Nonetheless, the current density
computed using the Elmer FEM far exceeds that of the current den-
sity obtained from the experiment. The reason for this deviation is
in the fact that the Langmuir probe was picking up the current in
the zone carried by the flow and outside the actual arc discharge.
Also, the current in Elmer FEM is representative of the electron
flow; so even though the values for the temperature and the ion
concentrations were in the range reasonable with the experiment,
the current densities do not match because Elmer FEM indicated
the electron flow, unlike the ion flow detected by the TLP. By keep-
ing in mind this distinction between the experiment and the sim-
ulation it is understandable that Elmer FEM can be used to model
the plasma phenomena well enough to be closely matching to the
physical reality.
Please cite this article in press as: D. Bondarenko et al., Engineering design of p
Eng. Sci. Tech., Int. J. (2016), http://dx.doi.org/10.1016/j.jestch.2016.07.015
5. Conclusions and future work

A functioning experiment was built to gather data for an arc dis-
charge plasma generation device and to validate the performance
of Elmer FEM as a tool for plasma modeling and skill acquisition
tool. The simulation yielded the results that matched well with
the experiment and therefore provide an indication that for the
particular scenarios involving plasma discharges Elmer FEM is cap-
able of providing sufficient results. Based on this study it is then
possible for the interested engineers and practitioners to have
physical backing to engage in the engineering design of plasma
devices using Elmer FEM without subjecting themselves and their
respective parties to the possible risks of exposure to the plasma.

For the academic work it would be interesting to implement a
larger scale experiment and compare it with the performance of
the standard plasma cutters that operate by the use of arc discharge.
It would be also interesting to see the performance of the plasma
generator device with a microwave passageway implemented and
to analyze the regions of highest plasma activity in such a configu-
ration. Furthermore, it is possible to utilize the Monte-Carlo algo-
rithm in Elmer, although, in order to attain this feature in Elmer it
is necessary to customize a code to be able to handle the interaction
of ionized particles using dynamic statistics. TheDirectMonte-Carlo
algorithmmaybe implemented at the high-energy locations of plas-
mas interaction points and for instability tracking. Fortunately,
Elmer FEM has the capacity to be altered andmodified at the source
code as well as have the ability to enact the custommade modeling
toolboxes, and should be looked into further to increase the practi-
cal range of Elmer application in the engineering design of plasma
devices. By following through with Elmer and by validating other
modes of plasma in this program it would be possible also use it
in design of plasmamicrowave tubes, fusion energydevices, particle
accelerators, and design of plasma diagnostic devices. The industrial
applications that can be derived from such research would then
benefit the fields ofmedicine (cleaning and sanitization), communi-
cations (via themicrowave technologies), lighting and laser devices,
entertainment, and space propulsion.
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