Acta Polytechnica 58(1):1-8, 2018
doi:10.14311/AP.2018.58.0001

EXPERIMENTAL CHARACTERIZATION
OF A MAGNETOHYDRODYNAMIC POWER
GENERATOR UNDER DC ARC PLASMA

AYOKUNLE O. AYELESO*, MOHAMED T. E. KAHN

Electrical, Electronic € Computer Engineering, Cape Peninsula University of Technology, P.O.Box 1906,
Bellville 7585, Cape Town, South Africa

corresponding author: kulama2005@gmail.com

ABSTRACT. The generation of electric power through the conventional systems (thermal and hydro-
electric) is no longer sufficient to meet the increasing industrial and commercial usage. Therefore, an
alternative energy conversion system is currently being sought. The aim of the presented study is
to develop a direct energy conversion system (Magnetohydrodynamics, MHD generator) to generate
electric power using plasma. Additionally, the generator electric response is investigated based on the
Faraday’s principle of electromagnetism and fluid dynamics. For this purpose, a rectangular MHD
generator prototype with segmented electrodes was constructed and subjected to continuous plasma
from a DC arc source at test facilities available in the Western Cape region (South Africa). Subsequently,
the terminal voltages at the middle-electrodes were measured one after another across 1, 100 and 470 €2
load resistors. In all experiments, the absolute time-averages of the measured terminal voltage across
each load resistor were similar, which indicates a generation of power. The maximum power of the
order 0.203 mW was obtained when 1 resistor was connected to the middle-electrodes. Conclusively,
these results validate the measurement approach of the MHD generator with segmented electrodes
and could be used to design a large MHD unit that can be incorporated to the existing conventional
thermal plant to improve their cyclic thermal efficiency.
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1. INTRODUCTION

For the past 50 years, the thermal energy from conven-
tional conversion systems such as hydro and nuclear
plants have been used to generate electric power. In
these plants, the potential energy of the primary gas
is first converted into mechanical energy before be-
ing converted into electrical energy, with an output
efficiency of about 40-45% [IH3]. However, due to
the lack of fossil fuel and other resources in Africa,
electric power generation through the conventional
system can no longer meet the increasing demand
and usage [2]. Moreover, the generation of electricity
through this method is usually expensive and often
raises several environmental concerns such as pollution.
As a result, there is a need to discover new methods
in which electricity can be produced efficiently. One
of these methods is the use of a direct energy con-
version system such as the Magnetohydrodynamics,
MHD, system [4H7]. Section [2] of this paper presents
the theoretical background of the research, including
the concept of the MHD system. Section [3] describes
the construction of the MHD generator prototype,
and Section [f] elaborates on the setup of the DC arc
plasma experiment. Section [p| describes the DC arc
plasma setup for the MHD generator, and the out-
comes and findings of the experiments are discussed
in Section [6l

2. THEORETICAL BACKGROUND

This section reviews the literature supporting the re-
search, with a focus on the concept and operation of
the MHD system. The idea of the MHD was first dis-
covered by Michael Faraday and was later developed
by Ritchie in 1832 [8, ©]. For any type of a MHD
conversion system, a high temperature fluid (plasma)
can be directly converted into electric power without
any mechanical rotating parts. This system consists
of a combustor and an expansion nozzle, which in-
jects a gas fluid into the MHD duct transversed by a
strong magnetic field, B [10]. Inside the MHD gen-
erator, the electrodes are connected to an external
load resistor, Rp,, placed at a 90° angle to the in-
duced magnetic field. The magnetic field creates a
retarding force (Lorentz force, F'), which opposes the
fluid flow direction and decreases the fluid velocity
by extracting energy from the flow. Subsequently, an
electrical voltage and current can be measured across
the electrodes [3] 9] [TTHI3].

The most practiced MHD generator designs are the
Faraday, the Hull and the Disc systems. The Faraday
design can be categorised into different groups: contin-
uous, segmented and diagonally connected electrodes.
These systems vary according to how electrodes are
connected to the load. However, in the present study,
the Faraday system with segmented electrodes is con-
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FIGURE 1. 3-D Representation of the MHD generator prototype.

sidered [3, 14]. The process involved in the devel-
opment of all the different categories of the Faraday
configuration has been discussed by reference [12].

3. MHD GENERATOR PROTOTYPE

The prototype is made of a rectangular mild steel duct,
round copper electrodes and neodymium N35 perma-
nent magnets. The typical remanent flux density of
these magnets are 1.17 T. The duct plane is located
at the horizontal zy plane (plane z = 0). In addi-
tion, the neodymium magnets are positioned along
the z-direction to produce external magnetic fields
and the Lorentz force acting on the plasma gas. Cop-
per is used for the construction of the electrodes due
to its good work function and high conductivity. A
3-dimensional (3-D) representation and pictures of the
MHD generator prototype are depicted in Figures [I]
and 21

As seen from Figure [2] the duct and the magnets
are insulated from one another with ceramic materi-
als while the round electrodes are insulated from the
duct with tufnol materials. Additionally, the round
segmented electrode is innovative and has been se-
lected to minimize the experimental uncertainty that
could arise from complex designs and structures. This
configuration also helps to improve on the efficiency
of the generator.

4. SETUP OF THE DC ARC PLASMA
EXPERIMENT

To enable this experiment, a commercial 40 A trade-
weld plasma cutting device has been configured in
a non-transferred arc mode to produce the actual
plasma, which flows into the MHD generator. This de-
vice was selected because of its high temperature and
it was the only available plasma source at the authors

Rectangular duct

Neodymium magnet

Neodymium magnet cgoramictape Aluminium sheet
Copper electrode

FIGURE 2. Photos of the MHD generator prototype.

disposal. Moreover, the plasma device torch uses am-
bient air as the primary gas and consists of special
consumable components, namely a copper electrode,
a shielding cup, a hafnium or zirconium copper nozzle
and a retaining cup, as depicted in Figure [3| [I5HIT].

The structure of the DC arc plasma device consists
of a power supply, an arc starting circuit, which ignites
the torch and an air compressor, with a tank capacity
of about 24 litres (Figure E[) In addition, the open
circuit voltage of the power source of the plasma arc
device is about 220 V. The main and pilot arcs of the
DC plasma device are shown in Figure [4]

Before the start of the experiment, an atmospheric
air is first compressed and filtered at a pressure of
about 3.5-4 bar (50-58 psi) inside the plasma device.
Thereafter, the device anode (aluminium workpiece)
is positioned within few millimeters of the device
torch (cathode) to produce a high temperature non-
transferred arc plasma jet, which flows out of the
torch nozzle into the MHD generator. Due to the
thickness (15mm) of the aluminium workpiece, an
output current of about 25 A is used from the plasma
device. After each experiment, to maintain the arc
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FIGURE 3. Components of the DC arc plasma device [16].
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t

plasma for a long period of time, the torch nozzle is
slightly shifted towards a smooth section of the anode.
This process helps to produce a high ionization ca-
pability and strong plasma energy needed during the
experiment. Subsequently, the output voltage data
from the MHD generator is measured and recorded
using a personal computer (PC) with National In-
strument (NI) Labview and data acquisition (DAQ)
software installed. The flowchart of the experimental
setup is shown in Figure [5| while the pictures of the
experimental setup are shown in Figure [6]

5. DC ARC PLASMA SETUP FOR THE
MHD GENERATOR

This section describes the circuit model of the MHD
generator used in the DC arc plasma experiment.

5.1. DESCRIPTION OF THE CIRCUIT MODEL

The measurement setup implemented for the MHD
generator under the exposure to the DC arc plasma is
shown in Figure[7] In this setup, the middle-electrodes
of the MHD generator are connected in the segmented
mode (where the neodymium magnets are positioned).
The load resistors (1, 100 and 470 Q) are also con-
nected to the middle-electrodes one after another.
The aim of the experiment is to measure the gen-
erator terminal voltages across the electrodes when
exposed to a plasma generated from the DC arc device.
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FIGURE 6. The setup of the DC arc plasma experiment.
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FIGURE 7. Photos of the DC arc plasma measurement setup with the MHD generator prototype.

The experiments are conducted at the Department
of Electrical, Electronic and Computer Engineering,
Cape Peninsula University of Technology, Cape Town
(South Africa).

5.2. ANALOG SIGNAL ACQUISITION USING
THE NI USB-6002 DAQ DEVICE

To log and read the voltage data from the experiments,
the NI USB-6002 DAQ device is configured in the
differential measurement mode, as shown in Figure
In this mode, the voltage difference between the two
analog signals (AI+, and AI-) across the external
load resistor, Ry, is determined. Data samples are
also taken at continuous time intervals, with 1000
samples over a period of about 0.5 ms.

NI-USB 6002
DAQ device

MHD generator and NI-USB DAQ device
configuration in differential measurement modes

FIGURE 8. Measurement circuit with NI-USB 6002
DAQ device.
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FIGURE 9. The systemic offset voltage measured without DC arc plasma.

From Figure 8] the circuit model is stabilized with
a capacitor of about 3300 nF capacitance, and the
measured voltage signal is further filtered with a But-
terworth Filter for a greater accuracy and noise reduc-
tion. This is done because the signal leads (greater
than 2m) travel through a noisy environment.

6. OUTCOMES OF THE MHD
GENERATOR UNDER DC ARC
PLASMA

This section presents the measurement results of the
DC arc plasma experiment. The apparatus used dur-
ing the experimental setup includes a multimeter and
the NI USB-6002 DAQ device. The current flowing
from the middle-electrodes is determined through mea-
suring the voltage, V', across 1, 100 and 470€2 load
resistors.

The first experiment (without the DC arc plasma)
serves as the control experiment since there is no gen-
eration of electrons and ions. The voltage measured
is assumed to be a systemic offset voltage (Figure @
Moreover, the calculated absolute (average) offset volt-
age is 0.965mV.

In the second experiment (arcing with plasma oc-
curred), the absolute time-averages of the measured
terminal voltage signals change significantly with re-
spect to the applied load resistors. These terminal
voltages are very low and consistent before the arc
occurs. When the arc plasma is applied, the voltage

signal amplitude increases and gradually decreases
to lower levels when the arc plasma is not applied.
Furthermore, the graphical representation of the ac-
quired voltage signals helps to observe the overall
signal magnitude and significant peaks. The increase
in the voltage signal levels depicts the presence of the
arc plasma, as shown in Figures [I0] [II] and [I2] In
these figures, the horizontal axis signifies the time
domain while the vertical axis represents the signal
magnitude.

In all experiments, the actual voltage, Viactual, is the
voltage measured across the 1, 100 and 4702 load
resistors after subtracting the offset voltage from the
average voltages in Figures[I0] [II] and [I2] The Fara-
day’s current, I,nq, and the optimum power from
the MHD generator can also be determined from
Imnd = Vactual/Rr, which is derived from the gen-
erating circuit in Figure

The experimentation and the calculation results are
summarized in Table [I| In this table, the maximum
actual voltage (14.235V) is obtained when 12 load
resistor is applied to the middle-electrodes. Therefore,
based on the dimensions and size (0.3 x 0.1 x 0.1m)
of the MHD generator prototype used in the present
study, the optimum power of about 0.203 mW is ob-
tained from the middle-electrodes.

When comparing the results obtained in all the
experiments, it can be clearly seen that the voltages
measured are of the same order, that is, the flux of
particles are similar. The voltage difference obtained
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FIGURE 12. Average voltage measured across the middle-electrodes using 470 2 resistor.

Measured parameters

Experiments with arc plasma

External load resistor 1Q 100 2 4702
Average voltage [mV] 15.2 4.1 12.2
Measurement offset voltage [mV] 0.965 0.965 0.965
Vactual — average minus offset voltage [mV] 14.235 3.135 11.235
Current, Inng, [mA] 14.235 0.031 0.024
MHD Generator Power [mW] 0.2026 0.0001 0.0003

TABLE 1. Measured power from the MHD generator under DC arc plasma experiment.

'j'Rl ey
LOAD
Plasma ivopen circuit = VBI R,
T TT \\
rm \
L ha v\
Vv, = E,l = vBlk
Middle-electrodes actual = Fol =V
Ficure 13. MHD power generating circuit.

when the 100 ) resistor is applied may be due to low
plasma levels inside the generator. Another reason
for the difference between the power generated using
1002 and 4702 load resistors may be due to their
resistance. Moreover, it is possible that some factors
such as change of some consumable components shape
due to heat and corrosion could, in long time, influ-

ence the plasma flow, which can cause fluctuations.
For any possible future experiments, the authors rec-
ommend the use of a larger MHD generator and a
higher velocity plasma source such as the ones used
in large thermal plants.

7. CONCLUSION

This paper principally investigated the electric re-
sponse of an MHD generator exposed to DC arc
plasma conditions. For this purpose, a rectangular
MHD duct prototype with segmented electrodes has
been constructed. The round electrodes are recom-
mended because it helped not only to simplify the
experimental setup but also to minimize the exper-
imental uncertainty that often arises from complex
design and structures. From the DC arc plasma exper-
iment, consistent time-average voltage measurements,
which indicate a direct measurement of plasma and
generation of power, were observed. These results also
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validate the measurement approach of the MHD gen-
erator with segmented electrodes and could be used
to design a large MHD unit that can be incorporated
to the existing conventional thermal plants.
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