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Abstract Magnetohydrodynamic (MHD) power generation with supersonic non-equilibrium

plasma is demonstrated. Capacitively coupled radio frequency (RF) discharge (6 MHz, maximum

continual power output of 200 W) was adopted to ionize the Mach number 3.5 (650 m/s),

0.023 kg/m3 airflow. In a MHD channel of 16 mm � 10 mm � 20 mm, MHD open voltage of

10 V is realized in the magnetic field of 1.25 T, and power of 0.12 mW is extracted steadily and con-

tinuously in the magnetic field of 1 T. The reasons for limited power generation are proposed as:

low conductivity of RF discharge; large touch resistance between MHD electrode and plasma;

strong current eddies due to flow boundary layer. In addition, the cathode voltage fall is too low

to have obvious effects on MHD power generation.
� 2016 Chinese Society of Aeronautics and Astronautics. Production and hosting by Elsevier Ltd. This is an

open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

The development of Magnetohydrodynamics (MHD) technol-

ogy provides an innovative way to solve the important
technical problems in hypersonic flight. The AJAX was pre-
sented by Russian scholar and caused that MHD technology

applied to aircraft became a research hot spot.1–6 The key of
AJAX is that the temperature and velocity of flow entering into
the engine are decreased by MHD power generation and reach
the requirement of engine’s stable work in hypersonic flight.7–12

The working medium of MHD power generation is conduc-
tive flow, so air needs to be ionized into plasma. There are two
ionizing ways: equilibrium and non-equilibrium ionization.

Equilibrium ionization requires a very high gas temperature,
which is hard to realize in flight. Non-equilibrium ionization
has no temperature requirement and is a more feasible. In gen-

eral, it can be realized by strong electric filed or high energy
electron beam.13–16
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Fig. 1 Schematic of discharge electrode.
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Currently, the experimental study of MHD power generation
with non-equilibrium plasma is in preliminary stage. Murray
et al. realized the experimental observation of MHD power gen-

eration.17 They ionized supersonic airflow with discharge driven
by 2 ns, 100 kHz, 30 kV pulsed voltage, and achieved Mach
number 3 supersonic non-equilibrium plasma. Faraday genera-

tor with continuous electrodes was adopted and the peak extrac-
tion power measured by optical isolation was about 4.2 mW. At
the same time, Nishihara et al. also conducted similar experi-

mental study.18 They measured the MHD open voltage of 25-
30 V, but extraction power could not be measured. In addition,
producing supersonic non-equilibrium plasma for MHD appli-
cations was also experimentally studied. Bobashev et al. investi-

gated the production of air (nitrogen) gas-discharge plasma in a
supersonic MHD channel using a combined discharge consisting
of a high-frequency discharge and a high-voltage pulse dis-

charge.19 McAndrew et al. designed and tested a supersonic
plasma wind tunnel where the plasma was produced by a
50 kW, 1 ms pulse of microwave radiation at 2.45 GHz.20

These studies have employed pulse discharge to ionize air-
flow, but their results present some unsolved problems. First,
the cathode voltage fall is significant, and Faraday current is

seriously limited when MHD voltage is lower than the cathode
voltage fall. Second, the pulse discharge plasma leads to a dis-
continuous power generation and low time-average extraction
power due to the fast delay of plasma. Third, the pulse dis-

charge voltage and current coupling into MHD circuit lead
to very strong interference, and the weak signal of extraction
power is hard to capture. Thus the extraction power was not

measured directly in Munetake Nishihara’s experiment. And
in Murray’s experiment, the extraction power was measured
by adding a bias voltage into MHD circuit and adopting opti-

cal isolation between MHD and measurement circuit.
Pulse discharge seriously limits MHD power extracting

according to above studies, and to our best knowledge, the

continuous MHD power generation from supersonic non-
equilibrium plasma has not been realized till now. Thus it is
very necessary to investigate MHD power generation with con-
tinuous discharge. This paper tries to produce volume-filling,

steady, and continuous non-equilibrium plasma in supersonic
airflow employing capacitively coupled radio frequency
(CCRF) discharge, and conducts continuous MHD power

generation. In addition, the factors limiting the performance
of MHD power generation are analyzed by experimental and
numerical methods.

2. Experimental system

The supersonic non-equilibrium plasma was produced by
CCRF discharge in the supersonic airflow realized within a

small-scale, in-draft wind tunnel facility. The image of dis-
charge was monitored by two cameras. Faraday MHD chan-
nel with continuous electrodes was designed to extract

power. The room of MHD channel was full of uniform mag-
netic field produced by an electromagnet. The value of extrac-
tion power was obtained through measured load voltage.

2.1. Wind tunnel

Mach number 3.5 airflow was achieved through a converging/
diverging nozzle. Test cross section was 10 mm � 20 mm.
Wind tunnel worked in an in-draft setup using a vacuum sys-
tem to realize the low backpressure. Employed reducing valve
adjusted the pressure of nozzle’s inlet down to 40 kPa resulting

in the airflow of the Mach number 3.5 (650 m/s), 0.023 kg/m3

through the test section, and the stable running time was 15 s.

2.2. Plasma production

Continuous and steady non-equilibrium plasma was produced
by CCRF discharge. The power supply is an AG1017L radio

frequency (RF) voltage generator with a maximum continual
power output of 200 W and a range of frequency from
10 kHz to 10 MHz. The discharge electrode was made of

Al2O3 ceramic and its surface was placed on a 10 lm thick pal-
ladium (Fig. 1). The Palladium metal was separated from the
plasma by the ceramic piece. There was a match circuit
between RF power and discharge electrodes. The match circuit

was composed of two 35 mH inductances which connected
with each electrode, respectively. The optimal match was real-
ized at the radio frequency of 6 MHz. As the variation of load

characters could change the original optimal match, the radio
frequency has to be slightly adjusted to recover the optimal
match.

2.3. MHD electrode

MHD electrode was made of copper. Some problems were
considered to design MHD electrodes. Firstly, MHD elec-

trodes need to touch the plasma. The images of RF discharge
in static air gas and supersonic airflow are shown in Fig. 2. It
can be seen that the bright region does not move forward fol-

lowing supersonic air. In other word, stronger ionization
region, where the plasma is dense, is still located in the room
covered by the discharge electrodes. In addition, the non-

equilibrium plasma life time is at the order of 1 ls in weak elec-
tric field,21–23 making the plasma sparse in other region. Thus
MHD electrodes were deposed at the room covered by the dis-

charge electrodes to touch plasma.
Secondly, MHD electrodes could affect the distribution of

discharge electric field, and result in a sharp local ionization
between MHD electrode and discharge electrode. The local

ionization is hard to control especially under higher pressure,
but we can take effort to decrease the possibility of its produc-
tion. One of the means is to increase the distance between



Fig. 2 RF discharge images in vertical flow and in parallel flow.
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discharge electrode and MHD electrode by reducing the width
of MHD electrode.

Thirdly, a large touch resistance is produced by bad touch-

ing between MHD electrode and plasma, and it can critically
decrease the Faraday current. As shown in Fig. 2, when static
air is transformed into supersonic airflow, the stronger ioniza-

tion region shrinks. In supersonic airflow, discharge cannot
ensure the rich plasma near the top and down walls, which
probably leads to a large touch resistance. To improve the

bad touch, MHD electrodes need to stretch into the airflow,
and it must be ensured that MHD electrodes do not seriously
disturb supersonic flow field. In summary, MHD electrodes’

structure, size and position were designed (Fig. 3, B is the mag-
netic field).

2.4. MHD circuit design and generation voltage measurement

The steady running time of experimental system reached 10 s,
in which MHD channel acted as a battery. The MHD elec-
trodes were connected with a load resistance. Load voltage

was measured by the Tek-DPO4104 oscilloscope and the
Tek-P6139A voltage probe. In addition, it must be considered
Fig. 3 Schematic of MHD channel.
that the electrical noise from the CCRF discharge, combined
with the interaction of the discharge electrodes and the
MHD electrodes, as coupled through the plasma, covered

the signal of extraction power. MHD generation voltage was
a few of volt under the experimental condition and was far
lower than the electrical noise of about 100V. However,

MHD generation power was a DC signal and electrical noise
was an AC signal from CCRF discharge. Thus the component
of generation voltage could be separated from measurement

signal by average filtering. In addition, electrical noise was
effectively reduced by a 1 lF filtering capacity.

3. Results and discussion

3.1. Supersonic plasma characteristic

The image of CCRF discharge in Mach number 3.5 supersonic
airflow is shown in Fig. 4 where the discharge load power (LP)
is 25 W and the magnetic field B is 1 T. It can be seen that the

RF discharge is more uniform compared with the condition in
non-magnetic field (Fig. 2). The reason is that Lorentz force
can reduce the diffusion loss of charge particles. The strong

ionization regions are located in central area of MHD channel
and the cathode layers near discharge electrodes. Ionization
strength gradually reduces toward top and down walls. There

are dark regions near top and down walls due to low RF load
power and the effect of flow on discharge. In the dark regions,
discharge ionization has already been very weak and local

plasma is only remained by the diffusion of plasma from cen-
tral area. In addition, the discharge region, specifically cathode
layer, is vertically asymmetric due to the non-uniform flow
field.

The discharge load voltage and current are measured by
Tek-P6015A voltage probe and Tek-TCP312 current probe
respectively (Fig. 4). Both the voltage and current are sine

waves and do not distort, which can infer that the discharge
is steady and the characteristic of discharge load does not seri-
ously change. Thus the plasma’s density and distribution are

steady.
Judging from the above experimental phenomenon, we can

see that the discharge plasma is steady, continuous, and
relatively uniform in Mach number 3.5 supersonic airflow,

B = 1 T, which is the basis for analysis of MHD power
Fig. 4 Image of RF discharge and voltage and current curves of

discharge in Mach number 3.5 supersonic airflow (LP = 25 W,

B = 1 T).
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generation in experiment and forgiving the boundary condi-
tion of numerical simulation.

3.2. MHD open voltage and extraction power

With different magnetic strengths and directions, MHD open
voltages were obtained by measuring the voltages between

MHD electrodes without load resistance. The results show that
the absolute value of MHD open voltage is large as magnetic
strength increases and reaches 10 V when B = 1.25 T. On the

other hand, the phase of open voltage reverses to negative
when magnetic direction changes. These disciplines are consis-
tent with the theoretical formula U= huB where h is the dis-

tance between MHD electrodes, u the velocity of flow in x
direction, and U the induce voltage. At h = 18 mm,
u � 650 m/s, B = 1.25 T, the induced voltage is about 14.6 V.

At B = 1 T and different LP, MHD load voltages Uo are

obtained by measuring the voltages between MHD electrodes
with connecting a 20 kX load resistance Ro. The results are
shown in Fig. 5. It can be seen that the voltage waves are com-

posed of a DC signal and sine signal. The sine signal is the elec-
tronic noise which is produced by RF discharge and leaks into
MHD circuit as coupled through the plasma. But due to the

1uF filtering capacity parallel connected with MHD elec-
trodes, the amplitude of sine signal has been seriously reduced
from 100 V to a few of Volts. The DC signal presents the value
of extraction voltage. The extraction voltage becomes gradu-

ally large as LP increases, because the increase of LP enhances
the discharge ionization and raises the plasma conductivity,
which reduces the internal resistance of MHD channel. On

the other hand, the amplitude of sine signal is also gradually
large as LP increases. The reason includes two points. First,
the discharge voltage and current increase as LP increases. Sec-

ond, the couple between MHD circuit and RF discharge cir-
cuit enhances with the increase of plasma conductivity.
Fig. 5 MHD load voltage waves and corresponding images of d
Extraction voltage Ue can be estimated by time-average
load voltage. As shown in Fig. 5, at LP = 35 W, extraction
voltage greatly increases. The reason is analyzed according

to corresponding images of the discharge. At LP < 35 W,
there are dark regions near top and down walls. The dark
regions make MHD electrodes insulated from the central

strong ionization region where is full of plasma. The thickness
of dark regions gradually reduces as LP increases. At
LPP 35 W, the dark regions nearly disappear and MHD elec-

trodes touch strong ionization region directly. Thus it can be
considered that dark regions are very low conductive due to
poor plasma and lead to a large touch resistance between
MHD electrodes and plasma. The large touch resistance seri-

ously limits Faraday current Ie. As LP increases, the central
strong ionization region penetrates the dark regions and rich
plasmas touch MHD electrodes, which sharply decreases the

touch resistance.
Thus it is important for extraction power to guarantee

effective touch between MHD electrodes and rich plasma. In

current experiment, to reduce the negative effect of dark
region, MHD electrodes were stretched into the airflow
(Fig. 3). But in order to reduce flow disturbance produced

by MHD electrodes, the stretching distance was merely
1 mm, smaller than the thickness of dark region at
LP < 35 W. On the other hand, a volume-filling discharge
was realized by increasing LP to guarantee the effective touch.

But the volume-filling discharge is unsteady and easily trans-
forms to local discharge because the air density in boundary
layers is lower than that in core flow region. In current exper-

iment, unsteady discharge phenomenon has emerged at
LPP 35 W. For example, the wave shape of load voltage
has distorted and the strong discharge has been produced at

the top and down boundary layers (Fig. 5).
Using measured extraction voltage, Faraday current can be

calculated by the formula Ie = Ue/Ro, and extraction power
ischarge at B = 1 T and different discharge load power (LP).
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can be calculated by the formula Pe = Ue
2/Ro. The results are

shown in Table 1, and the achieved maximum extraction
power is 0.12 mW.

3.3. Cathode voltage fall and internal resistance

Ohio State University’s Nishihara et al. has conducted a simi-

lar experimental study of MHD power extraction.18 In their
experiment, a repetitively pulsed discharge with pulse duration
(FWHM) of approximately 30 ns was adopted in order to ion-

ize the Mach number 3 airflow into conduction flow. They did
not realize power extraction and only measured open voltage
about 25–30 V. From their analysis, the reason is that the open

voltage is much smaller than the cathode fall of about 500 V
under their experimental conditions, which leads to a very
low Faraday current. In addition, Princeton University’s Mur-
ray et al. also presented the negative effect of cathode fall by

the experimental and numerical studies in which the plasma
was also produced by the repetitively pulsed discharge.17

From the obtained measurement data (Fig. 5), it is difficult

to observe cathode fall. Thus a new experiment is conducted to
measure cathode fall. In static air of 600 Pa pressure, a DC
power is adopted to provide the voltage between MHD elec-

trodes. And the voltage–current characteristics of MHD chan-
nel are measured in the presence of CCRF plasma and in the
absence of CCRF plasma, respectively (Fig. 6). It can be seen
that two curves are nearly linear, but the points of intersection

with voltage-axis are different. The value of cathode fall can be
estimated by the points of intersection. The red curve nearly
passes through the zero point of voltage-axis and the black

curve nearly passes through the 420 V point of voltage-axis.
Table 1 Calculated extraction current and power at different

LP.

LP(W) Ue(V) Ie(10
�2 mA) Pe(mW)

15 0.134 0.67 8.98 � 10�4

20 0.261 1.31 3.41 � 10�3

25 0.345 1.73 5.95 � 10�3

30 0.471 2.36 1.11 � 10�2

35 1.540 7.70 1.19 � 10�1

40 1.550 7.75 1.20 � 10�1

Fig. 6 Voltage–current characteristics of MHD channel in static

air of 600 Pa pressure.
It is indicated that cathode voltage fall is very small when
MHD channel is full of RF plasma. Thus it can be concluded
that in current experiment of MHD power extraction, cathode

voltage is too small to affect Faraday current. In Nishihara’s
and Murray’s experiments, cathode voltage is large, and that
is because the plasma in MHD channel is not continuous.

In addition, the internal resistance of MHD channel Ri can
be obtained by the linear slope on the current–voltage charac-
teristics, and is about 26000 X in the presence of CCRF

plasma. The conductivity of RF plasma can be estimated by
the formula r = h/(SRi) where S is the across area of plasma
in MHD channel. The calculation result is about
4.3 � 10�3 S/m. And in the supersonic air, r is lower than

the value because the discharge power and charge particles lose
with following airflow.

The density of extraction power can be estimated by for-

mula qe = k(1 � k) ru2B2, where k is the load coefficient rang-
ing from 0 to 1. When k = 0.5, qe reaches the maximum
equaling 4.54 � 102 W/m3 at u = 650 m/s, B = 1 T, and

r = 4.3 � 10�3 S/m. The maximum theoretical value of Pe is
about 1.4 mW in MHD channel of the size 3.2 � 10�6 m3,
and is still very small. Thus, to increase extraction power,

plasma conductivity must be seriously raised.

4. Numerical simulation

4.1. Solution model

A numerical model is adopted to learn the electric process of
MHD channel during power extraction. The numerical model
is based on the equations of single fluid MHD, and the equa-
tions are simplified according to the experimental conditions.

First, on account of the low magnetic Reynolds number flow
in MHD channel, the induced magnetic field is neglected,
i.e., the magnetic field of MHD channel is the constant equal-

ing provided magnetic field at experiment. Second, on account
of the low magnetic interactive parameter, it is considered that
the magnetic force has no effect on the flow field. In addition,

the discharge does not produce fierce Joule heating, so the tem-
perature rise of flow field leaded by the discharge can be
neglected. Similarly, the heating effect of Faraday current on
flow field also can be neglected. In summary, it is considered

that the flow field of wind tunnel will not change with the pre-
sent of magnetic field and CCRF discharge, which is verified
by the experimental observation that the static pressure of

supersonic flow in MHD channel measured by an absolute
pressure transformer did not change under the influence of
above factors. Thus flow field can be independently solved

by neglecting magnetic force and Joule heat. The flow field
of wind tunnel is simulated by CFD code, and the velocity field
of MHD channel is obtained.

When an electrically neutral fluid is considered, the Ohm’s
law of MHD can be described by the formula

j ¼ rðEþU� BÞ � bðj� BÞ ð1Þ
In the formula, the electromagnetic quantities include the

magnetic field B, electric field E, and current density j. U is

the velocity of flow. In addition, b is the Hall parameter. In
current experiment, Bx = 0, By = 0, and Bz = const. The
equivalent electrical conductivity which is a tensor puts

forward
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Eq. (8) is diverged as
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The relationship between the electric potential / and elec-
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The Poisson Eq. (11) is discretized by central difference

scheme. And the Gauss–Seidel iterative computation is used
to solve electric potential.

4.2. Grid and boundary condition

The geometric model is similar to experimental MHD channel
(Fig. 7). The part of MHD electrodes that stretch into the flow

field is not considered to simplify the structure grid and solu-
tion code. The size of the integration domain is 16 mm in
Fig. 7 Geometric modeling of MHD channel.
x-axis (the width of discharge electrode), 20 mm in y-axis
and 10 mm in z-axis. The domain only has a block that con-
sists of 50 � 50 � 50 grid points.

For boundary conditions, Eq. (12) is applied to the cathode
boundary, Eq. (13) is applied to the anode boundary, and
other boundaries adopt Eq. (14).

U1 ¼ 1

2
RoI

Ie ¼ 1

2

Z
X1

j � ndsþ
Z
X2

j � nds
� � ð12Þ

U2 ¼ �U1 ð13Þ

j � n ¼ 0 ð14Þ
where X1 is the superficial area of cathode, X2 the superficial
area of anode, and n the unit normal vector of the surface. It

is assumed that the electrical conductivity r and Hall parame-
ter b are uniform, and r= 4.3 � 10�3 S/m, b = 0.1, respec-
tively. The velocity field of MHD channel U is from the

solution result of CFD code. In corresponding to experimental
condition, Bz = 1 T and Ro = 20 kX.

4.3. Simulation results

According to the experimental condition, the wind tunnel’s
flow field is simulated by CFD code. The solution results are
shown in Fig. 8. It can be seen that the flow field in MHD

channel is uniform and the maximum flow velocity reach Mach
number 3.3 which is smaller than the designed Mach number
3.5 because of the thicker boundary layer. In addition, the dis-

charge electrodes’ effect on flow field is also reduced due to the
thicker boundary layer. The second flow is produced by the
high pressure regions near top and down walls, and the bound-

ary layer of the side walls permeates toward core flow region
and thickens as flow develops.

The potential distribution in MHD channel is simulated
(Fig. 9). It can be seen that potential distribution is slightly dis-

torted at xOy profile because of Hall effects. The maximum
and minimum potential are 3.23 V and �3.16 V, respectively.
The potential of MHD electrodes is ±0.807 V, so it can realize

extraction voltage Uo = 2 � 0.807 V = 1.614 V, Faraday cur-
rent Ie = Uo/Ro = 8.07 � 10�2 mA, and extraction power
Po = Uo

2/Ro = 1.3 � 10�1 mW. In addition, the Joule loss

can be computed by the formula
Fig. 8 Mach contours in wind tunnel.



Fig. 9 Potential distribution in MHD channel.
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Pi ¼
Z
V

j2rdv ð15Þ

where V is the volume of MHD channel. The current density

distribution is computed by Eqs. (8) and (10). The computed
result of the Joule loss is 1.6 mW. The extraction efficiency is
computed by g = Po/(Po + Pi) = 7.5%.

The current density distribution and current lines of MHD
channel’s middle profiles are shown in Fig. 10. It can be seen
that the maximum current density located in MHD electrodes’

edge and corner is about 16 A/m2. It is found that the current
eddies produced in MHD channel is an important reason for
higher Joule loss. The current eddies are mainly at yOz profile
and xOz profile. At yOz profile, current eddies are located in

boundary layers of left and right walls, and are stronger. Its
production mechanism is that the small flow velocity of x
direction in boundary layers leads to small induced electric

field in the locality, which does not counteract the main static
electric field produced by the difference of potential between
top and down walls. So the reversed current is produced by

the static electric field in boundary layers, thus leads to current
eddies.

At xOz profile, current eddies cover the whole xOz profile,

which is different from the current eddies of yOz profile. The
reason is that there is no external current loop composed of
MHD channel and load circuit, and there is only the internal
current loop composed of middle region and boundary layer.

Its production mechanism agrees with the above analysis,
and it needs to be emphasized that the current eddies of xOz
profile are driven by the electric fields in x direction, which
Fig. 10 Current density distribution and curre
include the induced electric field and static electric field. The
electric fields in x direction are produced owing to Hall effects,
and increase as Hall parameter increases. On the contrary, the

electric fields in y direction decrease as Hall parameter
increases. It can be inferred that when Hall effects become
notable, the current eddies of xOz profile can be stronger than

the current eddies of yOz profile and the performance of power
generation can become worse. Of course, Hall effects only
change the strength of current eddies, and the essential reason

for current eddies’ production is the electro-conductive bound-
ary layer.

5. Conclusions

Volume-filling, steady, continuous, relatively uniform, and
non-equilibrium plasma was produced in Mach number 3.5

supersonic airflow in the magnetic field of 1 T using capaci-
tively coupled radio frequency (CCRF) discharge. Continuous
and steady power generation from supersonic non-equilibrium
plasma was realized. The MHD open voltage was about 10 V

in the magnetic field of 1.25 T, and the maximum extraction
power was about 0.12 mW under the conditions of the mag-
netic field of 1 T and 20 kX load resistance.

The extraction power is very low. The reasons are as fol-
lows: (A) the conductivity of RF discharge plasma is merely
the order of 1 � 10�3 S/m; (B) the touch resistance between

MHD electrode and RF discharge plasma is large owning to
the dark regions near top and down wall, and the small contact
area between electrodes and plasma; (C) in MHD channel,
strong current eddy produced due to the boundary layer of

flow leads to the serious power loss of Joule heating. Current
eddy also reduces the extraction efficiency. In addition, the
small scale of MHD generator, the weak magnetic field, and

the low velocity of flow all lead to a relative low generation
power. On the contrary, experiments proved that in the
volume-filling RF discharge, the cathode fall was rather low

and would not limit the MHD extraction power. In the present
study, it is proved that continuous and steady MHD power
generation from non-equilibrium plasma is feasible. But due

to the limitation of non-equilibrium ionization, it is difficult
to produce high-conductivity and continuous plasma in super-
sonic airflow. Thus, MHD power extraction from non-
equilibrium plasma is not considerable. In addition, solving

the problems such as large touch resistance and strong current
eddy can effectively improve the performance of MHD power
nt lines of MHD channel’s middle profiles.
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generation, which needs further study of the mechanism of
multi-field coupling in MHD channel, including discharge
electric field, flow field, magnetic field and induced electric

field.
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