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Abstract: A magnetohydrodynamic (MHD) thruster is the next-generation electric jet engine for
maritime applications. It eliminates the moving mechanical components that make the noises and
reduces physical harm to sea creatures. This paper finds that aluminum electrodes have higher
conductivity and less capacitive value in a KCl solution than the 316 stainless steel and zinc in MHD
applications. Further, the AC operation can mitigate the power loss during electrolysis and power
loss while on the water. The new optimal coil design with the enclosed-type ferrite layout of the
MHD thruster is addressed by this simulation study. The AC operation and electric drive with a
Lorentz force analysis will be demonstrated. Lastly, a verification experiment that pushes the KCl
solution at 3 cm/s will be interpreted by the prototype to display the electric operation detail.

Keywords: maritime electrification; magnetohydrodynamic thruster; magnetic near field;
electrochemistry impedance spectroscopy; high-frequency resonant converter

1. Introduction

Photos and some large-scale surveys have revealed that propellers harm marine
animals extensively due to the rapidly rotating blades. Sea mammals and turtles will be
injured if the propeller-equipped high-speed ship approaches faster than their evasive
actions [1,2]. Except for the physical damage, the acoustic noise from the diesel engines
and the propeller cavitation are ought to be limited for marine mammal protection [3–6].
MHD thruster is a conductive-liquid propulsion system that can drag fluids using an
electromagnetic field rather than the conventional moving paddle or propeller. The field
will accelerate the ions inside the fluid in the same direction, no matter the cations or
anions, for the cross-production of Lorentz force. An experimental DC superconducting
MHD electric submarine was constructed and verified the concept [7]. However, the
superconductor system requires low-temperature operation and high power electronics [8].
This study highlighted another flaw in the hull’s magnetic properties, which caused the
attraction of ambient iron materials and the leakage of the magnetic field. An attempt to
build a sailing prototype lead to the very detailed development of the two sextuplet-MHD
thrusters that drive the vessel at around 9 knots [9]; however, the electrolysis problem
was mentioned as the defect of the electrical DC system, which emits large amounts of
gases. The gases consist of chloride, hydrogen, oxygen and other compounds that are
poisonous and explosion hazards to the vessel, limiting its broad application. In this paper,
the authors implement alternating current (AC) to the MHD thruster and prevent the
defects of the DC, gases emission and iron attracting as previously mentioned. An AC
electrical system’s average magnetic field (B) is zero, leading to a lower remanence by
using a small value for the magnetic field strength (H) B-H hysteresis loop. AC electrolysis
generates no precipitates and fewer gases in a salty electrolyte, stressing the lower energy
loss of the MHD system [10]. It should also be mentioned that the AC system corrodes
metal electrodes less.
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Electrolysis, B field impact, Lorentz force acceleration and the movement of the ship
feature the MHD thruster as a complicated inter-disciplinary system involving electrical,
chemistry, entropy generation, and fluid dynamics [11,12]. For the electrical aspect, the
MHD system includes the drive circuit for the propulsion system, the B field generation
design, the equivalent resistance model of the seawater involving the electrolyte conduction
loss, electrolysis loss, the parameters of the electrode and electrolyte interface, and the
energy consumption of the propulsion. For the electric field (E) spreading in the fluid, the
simulation of E distribution in [13] shows that the edges of the electrodes have a higher
electric potential than the center, which is an ordinary parallel-plate characteristic. However,
the experiment is at a significantly lower power level. Along with the experiments and
measurement of this paper, the electrolysis gas emission activities and its dissipation were
observed and recorded with the quantified conditions. This phenomenon is presented in
Section 2, providing an intuitive understanding of AC superiority.

For seawater applications, the relation between conductivity and salinity is the foun-
dation for the MHD thruster design. The electrical performance standard of seawater was
initially developed by the salinity standard [14]. It is the relationship between the electrical
conductivity and the chlorinity, namely the mass fraction of the chlorine, in the natural
water. But the standard PSS-78 [15] defined the practical salinity of standard seawater as
the diluted weight of potassium chloride (KCl) in distilled water. The conductivity ratio
was set at equivalent to the standard salinity solution in standard seawater acquired in the
North Atlantic Ocean, which as chlorinity certified at 19.3740‰. A set of data tables for
converting the conductivity ratio to the solutions in different temperatures, pressures and
salinity was also presented. However, for the solution being pushed by the MHD thruster,
the double-layer model between the electrolyte and metal electrodes was considered, as
the equivalent electrical circuit in the form of the two resistors and one capacitor combina-
tion [16,17] increases the complexity in equivalent impedance estimation. The impedance
analysis based on the equivalent circuit has been illustrated though the solutions are not the
seawater salinity. Figures show that the resistivity will drop with the increasing frequency
of the conducting current, whereas the imaginary part of the impedance shows in a “w”-like
curve [18,19]. The exact value of the frequency response in seawater applications in a KCl
solution, which is missing in the existing literature, will be measured for the AC MHD
thruster development.

It is the saddle shape coil that generates a magnetic field conventionally. The coil
surrounding the fluid flow duct with the center axis is vertical to the flow direction and
parallel to the direction of gravity [9,20,21]. However, the coil wires have to be laid over the
duct, which is inconvenient for practical installation. The coil winding method is important
as it reduces the leakage inductance, thus reducing the loss [22]. Furthermore, the magnetic
flux at the outer side of the over-laid coil injects magnetic flux in reverse direction into the
duct, decreasing the thruster’s performance. As for the numerical calculation, the magnetic
flux density distribution in the MHD thruster could be investigated by the finite element
approximation, which remains a promising method [23,24]. The higher field density could
provide a higher Lorentz force to the moving ions that accelerate the fluid. The layout of
the coil and the ferrite greatly affect the magnetic field profile in the medium, but relevant
research is rare on this topic. Hence, in this paper, the comparison study of the simulation
on magnetic component layouts will be conducted to provide a solid reference and the
optimal layout for the AC MHD thruster.

Apart from marine propulsion, the current development of the MHD covers the fields
of medicine [25], chemistry, biology [26,27], and micro- and nanofluidics [28–30]. A new
MHD thruster was proposed to feed the tritium breeding blankets, but the coolant raises a
deep concern in this application [9]. Also, the energy storage for the energy source [31] is
important to govern the power input and the duration of operation. The MHD thruster
has a steel wall and can transfer molten lithium at a very low speed, even at several
hundred degrees, with a helium coolant system. A similar fusion breeder MHD thruster
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has been studied [11], in which the magnetic field in the duct has been investigated, and
the maximum field density is 5 T.

The outline of this paper is as follows: In Section 2, the frequency response of the salty
solution in seawater regarding the KCl, magnesium chloride (MgCl2), and sodium chloride
(NaCl) will be investigated to determine the power consumption of the solution. The coil
design and the comparison simulation will be detailed in Section 3. The AC electric drive
with the equivalent resistance of the solution is illustrated in Section 4. Section 5 is the
experiment conducted to verify the concept. The last section will conclude this paper.

2. Frequency Response of Conductive Solution with the Metallic Electrode
2.1. Low Voltage Frequency Response of the Seawater Salinity Chloride Solution

The research presented in [10] describes the phenomenon of AC producing different
levels of electrolysis in some electrolytes compared to the DC. It is reasonable to deduce the
variance impedance responses in cases of DC and AC. The conductive electrolyte’s total
power loss comprises the conduction and electrolysis losses. The conductivity measurement
of the electrolyte thus needs to avoid the participation of the electrolyte. For the very small
voltage threshold during electrolysis, a 0.5 V peak value for AC sinusoidal voltage would
be applied to measure the conductivities GK, GNa and GMg of the solution of KCl, NaCl and
MgCl2. Higher power level tests were used to find the reactance of the electrode–electrolyte
interface and the electric power loss during electrolysis.

Solutions of KCl, NaCl and MgCl2 were investigated. The solvent mass fraction
of the corresponding solutions mKCl‰, mNaCl‰ and mMgCl2‰ were determined by
the chloride Cl− mass concentration, which is equivalent to the KCl, and which has the
conductivity–salinity standard mentioned above. The impedance of solutions is measured
at a peak sinusoidal AC voltage 0.5 V from 10 kHz to 1.2 MHz for the frequency range of
the active switches in power electronics. The data measurement was conducted by a long
and narrow tube, with dimensions of 960 mm effective length and 17 mm inner diameter,
for the application of 218 mL of 500 mL of solution. The solution’s high resistance could
help mitigate the impact of measuring wire impedance.

The measurement results are displayed in Table 1. From 10 kHz to 1.2 MHz, it
is obvious that the conductivities of three solutions in five temperatures rise with AC
frequency. In the range from 10 to 20 ◦C, higher temperature leads to higher conductivity,
which is consistent with the findings in [32–34]. Under the very similar chloride mass
concentration condition among the different solutions, testing MgCl2 solution showed a
0.2% higher mass concentration than the standard value. It showed the highest conductivity
level and was around 8% higher than the second-highest solution, KCl, which was affected
the most drastically by the temperature. NaCl stand at the lowest levels.

Referring to the phase angles, the absolute values of the solutions increase incremen-
tally with the higher AC frequency. This phenomenon is the inverse of the conductivity, in
which MgCl2 shows the smallest absolute values, KCl showing medium values, and the
largest values being shown by NaCl.

Furthermore, data processing reveals the contradiction of conventional salinity stan-
dards in KCl mass concentration compared to the conductivity under these different
high-frequency impedance measurements. In standard PSS-78, the measurement frequency
is missing. The 10 kHz conductivity measurement value at 15.0 ◦C in this paper thus is be
treated as the standard salinity S = 35 to calculate the rest of the measurement conductivities
by the transform method in PSS-78. Table 2 interprets the fact that a KCl solution under
the same conditions of normal atmospheric pressure, mass concentration and temperature
would perform the various conductivities that lead to a high difference in practical salinity
estimation, even while being out of the standard scope (S ≤ 42)! The AC frequency effect
was missing in the conventional standard, and the power electronics development required
at least a new data table.
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Table 1. (a) The measurement conductivity GK of standard salinity KCl solution. (b) The measurement
conductivity GNa of NaCl solution, with equivalent Cl− mass concentration as the standard salinity
KCl solution rated at S = 35. (c) The measurement conductivity GMg of MgCl2 solution, with
equivalent Cl− mass concentration as the standard salinity KCl solution rated at S = 35.

(a)

12.0 ◦C 15.0 ◦C 16.0 ◦C 18.0 ◦C 20.0 ◦C

10 kHz 4.024 4.246 4.337 4.648 4.848
25 kHz 4.042 4.275 4.369 4.697 4.879
64 kHz 4.077 4.306 4.400 4.705 4.881

148 kHz 4.113 4.348 4.458 4.782 4.964
300 kHz 4.229 4.457 4.584 4.832 5.001
700 kHz 4.695 4.890 4.991 5.254 5.435

1200 kHz 5.719 5.878 5.953 6.082 6.258

mKCl‰ = 32.44‰, 0.0% higher than the standard salinity.

(b)

13.1 ◦C 15.0 ◦C 16.5 ◦C 18.0 ◦C 20.0 ◦C

10 kHz 3.275 3.427 3.550 3.689 3.832
25 kHz 3.298 3.449 3.574 3.711 3.856
64 kHz 3.321 3.476 3.596 3.739 3.878

148 kHz 3.360 3.512 3.634 3.774 3.916
300 kHz 3.484 3.635 3.754 3.891 4.030
700 kHz 4.074 4.212 4.311 4.421 4.548

1200 kHz 5.340 5.428 5.482 5.548 5.666

mNaCl‰ = 25.41‰, 0.0% higher than the equivalent standard salinity.

(c)

15.0 ◦C 16.0 ◦C 17.0 ◦C 18.0 ◦C 20.0 ◦C

10 kHz 4.502 4.582 4.658 4.751 4.945
25 kHz 4.537 4.618 4.695 4.788 4.980
64 kHz 4.575 4.658 4.735 4.828 5.019

148 kHz 4.618 4.702 4.779 4.873 5.062
300 kHz 4.721 4.803 4.878 4.973 5.156
700 kHz 5.177 5.253 5.318 5.407 5.568

1200 kHz 6.123 6.186 6.236 6.305 6.424

mMgCl2‰ = 39.93‰, +0.2% higher than the equivalent standard salinity.

Table 2. Equivalent salinity estimation of the KCl solution at the standard salinity solution fabrication
of PSS-78 from the measurement conductivity at one atmospheric pressure, different temperatures
and AC frequencies.

KCl 12.0 ◦C 15.0 ◦C 16.0 ◦C 18.0 ◦C 20.0 ◦C

10 kHz 35.70 35.04 34.98 35.97 35.93
25 kHz 35.88 35.30 35.27 36.39 36.19
64 kHz 36.22 35.59 35.55 36.46 36.20

148 kHz 36.58 35.98 36.07 37.13 36.90
300 kHz 37.74 36.99 37.22 37.57 37.21
700 kHz 42.44 41.06 40.94 41.29 40.87

1200 kHz 53.11 50.60 50.04 48.76 47.98
mKCl‰ = 32.44‰, 0.0% higher than the standard value.

2.2. Equivalent Resistance Model and the Frequency Response of KCl Solution for Maritime
MHD Thruster

A higher input voltage of the electrodes Vetd will electrolyze the solution and produce
the gases. The power consumption thus increases from only the thermal loss due to the
stronger electrolysis, which leads to a smaller equivalent resistance of the solution, drawing
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higher current and energy. Since the inlet and outlet of the thruster are open, the electric
field will spread through a wider area than the electrode width and results in a smaller
resistance value compared to the parallel plate model. In addition, the material of the
electrode impacts the interface resistance and capacitance Cetd, which is assumed to be a
parallel capacitor in this paper. Hence, the testing of the KCl solutions in standard salinity
with three materials has been constructed at 0.35 V, 5 V and 7 V input of the sinusoidal
waveform between the electrodes and the experimental rig displayed in Figure 1a. The
smallest voltage level is used to measure the resistance of the electrolyte Relyt and the
resistance model shown in Figure 1b, with the parallel resistance of electrolysis Relys, the
electric field strength at position r, being denoted as E(r). The equivalent resistance between
the electrode denoted as Retd is the parallel value of Relyt and Relys.
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Figure 1. Resistance modelling of the electrolyte and electrolysis: (a) one of the testing rigs for the
modelling of the conductive solution equivalent electric parameters; (b) the electrical circuit model of
the conductive solution for MHD applications.

The inner dimension of the duct is 138 mm in width, 40 mm in height, and 300 mm in
length. The duct was immersed in the solutions. The results in Table 3 show that the Cetd of
all three materials decreased drastically, whereas that of the resistance remains consistent.
The 316 stainless steel stays at the highest capacitance, whereas Al is the smallest. And
the resistance between the electrodes Retd of the three conditions drops when the voltages
applied on electrodes increases from 5 V to 7 V, due to the dropping of Relyt, instead of the
higher energy waste on the Relys. It is worth noting that the bubble could only be observed
below 10 kHz at the edge of electrodes in Zn and the 316 stainless steel, whereas it occurred
at 18 kHz for Al.
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Table 3. (a) The measurement results of the electrical equivalent series resistance and capacitance
in MHD thruster duct, of which the electrodes are aluminum and at temperature at 20 ◦C. (b) The
measurement results of the electrical equivalent series resistance and capacitance in MHD thruster
duct, of which the electrodes are 316 stainless steel and at temperature of 18 ◦C. (c) The measurement
results of the electrical equivalent series resistance and capacitance in MHD thruster duct, of which
the electrodes are zinc and at a temperature of 20 ◦C.

(a)

Aluminum f (kHz) 10 25 64 148 300

0.35 V Vetd Cetd (µF) 24.49 19.89 15.54 3.84 1.11
Relyt (Ω) 2.13 2.13 2.04 1.94 1.93

5 V Vetd Cetd (µF) 25.67 14.81 9.95 2.34 0.78
Retd (Ω) 2.02 2.05 1.99 1.99 1.96
Relys (Ω) 35.65 57.49 80.88 87.65 92.52

7 V Vetd Cetd (µF) 31.21 17.21 9.95 3.07 0.67
Retd (Ω) 2.10 2.01 1.97 2.13 2.03
Relys (Ω) 142.55 36.90 57.25 71.32 83.38

(b)

316 stainless steel f (kHz) 10 25 64 148 300

0.35 V Vetd Cetd (µF) 88.42 87.24 82.89 4.14 1.23
Relyt (Ω) 2.46 2.39 2.30 2.22 2.19

5 V Vetd Cetd (µF) 265.26 127.32 31.09 5.97 1.66
Retd (Ω) 2.17 2.11 2.10 2.09 2.07
Relys (Ω) 18.17 28.64 23.77 34.62 38.48

7 V Vetd Cetd (µF) 397.89 127.32 41.45 6.33 1.83
Retd (Ω) 2.05 2.02 2.02 2.02 2.11
Relys (Ω) 12.194 12.85 16.41 21.99 59.41

(c)

Zinc f (kHz) 10 25 64 148 300

0.35 V Vetd Cetd (µF) 72.34 70.74 27.63 3.36 1.02
Relyt (Ω) 3.40 3.33 3.22 3.14 3.06

5 V Vetd Cetd (µF) 265.26 90.95 22.61 4.89 2.12
Retd (Ω) 2.04 1.99 2.04 2.03 2.1
Relys (Ω) 5.09 4.95 5.56 5.76 6.72

7 V Vetd Cetd (µF) 265.26 159.15 12.43 8.96 1.71
Retd (Ω) 1.95 1.95 1.96 1.92 2.08
Relys (Ω) 4.57 4.71 5.00 4.95 6.52

In a word, the higher frequency can mitigate the voltage drop in the imaginary
impedance of the electrode interface to the electrolyte, decreasing the solution’s resistance
energy loss. Also, the power consumption from the electrolysis can be mitigated. Among
the materials, Al, stainless steel and Zn, Al had lowest energy consumption on the elec-
trolysis, stainless steel was in the middle, and Zn wasted the most energy. Al also showed
the least equivalent capacitance in the study, whilst the stainless steel showed the highest.
As for the conductivity, the three materials performed very similarly when the voltage is
higher than unity.

3. Magnetic Coil Structure and Study of Simulation

Generating an AC magnetic field within a duct’s liquid requires careful consideration
of the coil design, weighing the trade-offs between weight, layout, and installation com-
plexity. Figure 2 illustrates the conventional saddle-type coil design, consisting of a single
layer, where the wire surrounds the duct and is stacked on the upper side to create the
coil layer. To avoid obstructing the fluid duct, the wire at the fluid inlet and outlet sides
must be rotated along the duct wall. High relative permeability ferrite can be positioned
on the outer sides of the coil to decrease the total reluctance for high-frequency AC. The
coil routes the wire on three walls of the duct, generating the magnetic field upwards or
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downwards. A flaw comes with the saddle-type coil: the multi-layer design will occupy
considerable space on the upper side of duct wall where it connects the left and right, and
wasting the room in the middle. Therefore, the coil design must be carefully optimized to
achieve optimal performance.
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Figure 2. The conventional saddle-type coil of MHD thruster, with ferrite blocks beside to generate
the magnetic field inside the duct for propulsion.

A new coil layout for the MHD thruster is depicted in Figure 3, known as the “pancake
coil winding”. This coil consists of two spiral windings that encircle the duct above and
below, with the ferrite stack located on the outer side. A winding circles in one side of
the duct and generates the individual magnetic field into the fluid. As such, this layout
provides the feasibility of the topology variations of the windings’ connection, for parallel
or series. Unlike the saddle-type coil, which is composed of a single winding, damage
to any side of the duct disables the thruster, whereas the parallel connection remains a
half propulsion capacity. Another spatial advantage of this coil layout is that even if a
multi-layer structure is required, the winding on opposite sides can be linked by only one
wire.
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Figure 3. Pancake coil layout for MHD thruster, with ferrite blocks on the top and bottom to generate
the magnetic field inside the duct for propulsion.

Ferrite is able to increase the B in the duct. However, it is heavy, bulky and fragile. In
different circumstances, the practical limitations constrain the its use. The finite element
method (FEM) is a computational approximation for magnetic field distribution estimation
and is widely used in relevant research [2]. The method divides a complex geometry into
smaller finite elements, each described by equations, and are combined to create a system of
equations that are solved numerically to describe the behavior of the entire geometry. The
simulations of the coil designs have been conducted in this paper to show the field profile
and field data. Figure 4 demonstrates the dimensional parameters of the MHD thruster, in
which the width of the ferrite of the long edge is denoted as a; the ferrite width of the short
edge is b; c and d denote the corresponding length of the inner side of the fluid flowing
duct; and the distance between the fluid and ferrites in the Acrylic frame is denoted as e.
The coil is installed from the inner wall of the acrylic shell with the ferrite. The fluid flow
volume c = 134 mm, d = 40 mm, and the length l is 354 mm.
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Figure 4. Dimensional parameters a, b, c, d, and e of the MHD thruster duct and coil: (a) pancake
winding coil type; (b) saddle type.

A high frequency operation reduces the resistance of the solution, as shown in Table 3.
this can lead to higher energy efficiency and therefore the operation of the AC MHD thruster
at a high frequency with the Litz wire. The wire has a cross-sectional area of 12.25 mm2

,
and the winding of the saddle-type stacks is the same height as the acrylic frame. For
pancake coils, the plane area being filled by the wires is preferred over the hollow layout,
for a larger B value. Assume that the ferrite has a relative permeability of 3300 and the
saturation value is 0.5 T. The B-H curve is considered to be linear. The nonlinear residual is
set at 0.001, refinement is 30% and the minimum number of passes is three.

Table 4 shows the simulation results of two excitation currents, indicating the average
magnetic field densities of the corresponding coil designs. The saddle type performs
slightly better than the pancake coil when a is 0, but no more than 10% in three dimensions
of b. But the situation reverses when a = 5, meaning that the ferrite starts to enclose the
duct. The pancake coil has a 17% higher value in 21 A and 18% in 3 than the saddle coil. By
comparing the results of nos. 3–5, the thin enclosed ferrite leads to the optimal layout in
the ferrite weight and B value trade-off. The values of B generated by the saddle coil have
no or little variance, but the mass of ferrite soar! The field distribution characteristics of the
simulations are shown in Figure 5.

Table 4. Simulation results of the coil designs with various ferrite layouts.

No. Layer a (mm) b (mm) 21 A, B (mT) 30 A, B (mT)

Pancake coil

1 1 0 20 2.98 4.21
2 1 0 10 2.89 4.13
3 1 0 5 2.85 4.07
4 1 5 5 4.52 6.46
5 1 5 10 4.52 6.46
6 1 10 5 4.52 6.46
7 2 0 20 7.10 9.00

Saddle coil

8 1 0 20 3.24 4.63
9 1 0 10 3.23 4.15

10 1 0 5 3.22 4.11
11 1 5 5 3.84 5.49
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1 
 

 
Figure 5. The simulation study of the magnetic field generating coil designs and the field distribution
characteristics: (a) no. 1, field magnitude; (b) no. 1, field direction; (c) no. 4, field magnitude; (d) no.
4, field direction; (e) no. 11, field magnitude; and (f) No. 8, field direction.

4. Electric Drive and Lorentz Force Analysis
4.1. Electric MHD Thruster Drive Circuit

The series connection of the magnetic-field-generating coil and the fluid between the
electrodes in the duct can ensure the in-phase operation of the electric and magnetic fields.
A class-D half-bridge converter was proposed to build a high-frequency current for the
MHD thruster, as shown in Figure 6. A full-bridge topology is able to inverse the DC input
voltage Vin to the AC high-frequency current. The active switch affects set S1, S4, and set
S2, S3 will be ON and OFF complementary to the 0.5 duty cycle at frequency fs to form
the square waveform amplitude at Vin. The resonant capacitor Cr is deployed to resonate
with the coil inductance Lc and the parasitic inductance Lp of the wire loop, and Rp denotes
the loop resistance. The electric circuit model of fluid illustrated in Section 2 is framed by
the dashed line marked as fluid, with an additional parallel resistor Rload for the fluid flow
power consumption. Points C and D are the contact electrodes.
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Figure 6. Proposed electric drive circuit for the AC MHD thruster the points A, B are the AC voltage
injection port, whereas the points C, D are the voltage between the electrodes.

When S1, S4 are ON, the Vin applies to the circuit, and the resonant tank consists of Cr
and Lc, while Lp conducts the current Ir to the sinusoidal waveform. After half of the cycle
period, S1, S4 are OFF and S2, S3 will be ON. The resonant tank thereby discharges the
energy stored in the reactance component and then circulates the current through the active
switches in the reverse direction of Ir. Thus, the AC system is achieved. Therefore, the
voltage applies to the resonant circuit VAB, according to the first harmonic approximation,
can be Equation (1), where circuitry reactance angle is θ.

VAB =
4Vinsin(2π fst + θ)

π
(1)

The impedance of the fluid ZCD can be acquired as Equation (3), where the angular
resonant frequency ωs is defined in Equation (2), and the phase angle of the imaginary part
is denoted as θ’.

ωS = 2π fS =
1√

LcCr
(2)

ZCD = (
1

jωsCeld
+

1
Rload

+
1

Relyt
+

1
Relys

)
−1

(3)

The current Ir can be acquired by Equation (4), although ZCD is not a constant, but
rather changes with the power level. Practically, fs will be set to a value slightly higher than
the resonant frequency to allow the inductive operation to reduce the switching energy.
The first and second parts of the polynomial in the denominator will be a comparatively
small component of ZCD.

Ir =
VAB
ZAB

=
VAB

jωs
(

Lc + Lp
)
+ 1

jωsCr
+ Rp + ZCD

(4)

And the circuit efficiency η of the MHD thruster could thus be derived as (5).

η =

(
IrZCD
Rload

cos θ′
)2

Rload

IrVABcos θ
=

(ZCDcos θ′)2

RloadZABcos θ
(5)
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4.2. Electromagnetic Field in Duct of MHD Thruster and Lorentz Force Analysis

Figure 7 depicts the proposed AC MHD thruster, where the electrodes are fixed
orthogonally to the magnetic-field-generating coil. As shown in Figure 8, the magnetic field
direction will point either up or down. As shown in [35], the Lorentz force consists of the
electric component FLe and the magnetic component FLm, which can be seen in Equation (6).
The electric component is determined by the electron ion α that carries qα and the electric
field density E, while that of that of the magnetic field is determined by the qα, the ion
moving velocity along the E direction ve·α, and the cross product of B that leads to the fluid
acceleration direction and is perpendicular to the electromagnetic field vector plane.

FL = FLe + FLm = qαE + qαve·α × B (6)

The electric field can be estimated by the VCD, as shown in Equation (7), in which
c is the width of the duct, namely the distance of the electrode. And the B value can be
acquired by the simulation.

E =
VCD

c
(7)

For the electron model [3], ve·α is related to the charged density ρα and the correspond-
ing current density Jα (8). In the KCl laboratory testing fluid, we can assume Jα to be half
the total current density J.

ve·α =
Jα

ρα
=

J
2ρα

=
Ir

2dlρα
(8)

Being accelerated in opposite directions along the E field line, the anion and cation
together drift through the duct in the same direction due to the right-hand rule. The adverse
charges and velocity vector enables the positively and negatively charged particles to be
constantly pushed in a single direction regardless of whether instantaneous value of the
electric current is positive or negative. Accordingly, in case of the laboratory seawater-level
salinity solution and in view of the electric conductivity, all of the moving ions in the
potassium chloride solution are K+ and Cl−, resulting in the total Lorentz force in flow
direction FLm·T, as is shown in Equation (9). Assume that the dissolved mass of particle α is
mα and that the corresponding mole mass is Mα. Avogadro’s constant is denoted as NA.

FLm·T =
2

∑
α=1

mαNA
Mα

qαve·α × B (9)
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Figure 7. Picture of the proposed AC MHD thruster prototype being immersed in the KCl standard
salinity solution for the experiment. The magnetic coil is a one-layer pancake winding type.
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Figure 8. Coil installation of the prototype. Grey blocks are the ferrite, which are placed outside the
tubes for the series connection of the electrodes, with the coil on top and below.

5. MHD Thruster Experimental Results

The experiment has been set in Figure 9. In the picture, 1 is the proposed AC MHD
thruster, 2 is the water tank, 3 is the voltage probe, 4 is the proposed AC MHD thruster
drive, 5 is the DC power supply for VDC, 6 is the amplifier of the current probe, 7 is the low
voltage power supply for the gate-signal controller module, 8 is the oscilloscope, and 9 is
the frequency response analyzer.
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The length l of the duct is 550 mm, c is 133, d is 40 mm. The material of the electrode is
aluminum. The coil is the same type as no. 1, a single layer on top and below the duct, with
a 20 mm height ferrite block rated at 3300 relative permeability. The coil filled the space
completely, from the edge to the center, and the ferrite block as well. The acrylic wall’s
width is 10 mm, the gaps between the plates are sealed by sealant, and the opening up is
covered by a transparent plastic film for waterproofing. The solution in the water tank is
the standard salinity KCl solution, which has a weight fraction of S = 35.

Simulation results of the coil inductance are 317.58 µH, the average B value in the duct
is 3.12 mT, as shown in Figure 10. The inductance of the Lc is measured by the item labeled
as 9 in Figure 9b, which equals 330.93 µH, and Lp is 5.63 µH. The inductance simulation
value is closed, and the B estimation thus can be trusted.
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Figure 10. Simulation of the magnetic field distribution in the duct and the ferrite by the FEM.
(a) front view; (b) side view; (c) top view.

The testing solution’s temperature is 23 ◦C, and the simulated RCD, the resistance
between the electrodes, using the S = 35 conventional seawater standard data is 1.26 Ω, but
the measurement of the experimental liquid is 1.1 Ω. The conductivity ratio of the standard
to the 10 kHz measurement value in Table 1 at 20 ◦C is 0.83, namely the 10 kHz resistance
should be 0.83 times the estimation at 20 ◦C. The conductivity ratio is 1.1/1.26 = 0.87, with
a 5% variance in the resistance estimation.

A simulation of the electric circuit drive was conducted. To circulate the 21 A current
of Ir in the field-generating components, assume the RCD is 1.2 Ω. Apply the inductance of
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the coil from simulation 330 µH, and set the Lps as 6 µH. By setting the frequency of the
drive circuit at 15 kHz, Cr is 340 nF, and the resonant frequency is 14.9 kHz, which is a bit
slower than the switching frequency, and ZVS should be achieved. The simulation result
are shown in Figure 11, in which VgsS3 and VgsS4 are the gate signal of the switch S3 and S4,
respectively; and VdsS3 and VdsS4 are the drain source voltages of the MOSFET S3 and S4,
respectively. When VgsS3 is high, VgsS4 is low, the switches of S3 is ON, the VAB is low, Ir
is therefore negative, and when the switching time comes, it keeps the negative value to
circulate through the body diode of S4, thus achieving the ZVS [36]. VAB is the alternating
voltage from the DC power supply, where Vin = 40 V, Ir = 21 A and VCD = 24.5 V. The
voltage drop of the resistance in the loop is 9.6 V.
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Figure 11. Simulation result of the 15 kHz drive circuit. RCD, Lcoil, and Lps are imported from the
simulation of magnetic and electric field components. Both ZVS show as the lagging Ir of VAB, and
the synchronization of Ir and VCD can be achieved.

For the validation experiment, Cr is 758 nF so as to resonate with Lp, and Lc is 9.96 kHz.
The 10 kHz fs ensures the inductive operation of the drive circuit. Rp is 0.2 Ω. The power
supply indicated the input current was 19 A when the VDC applied to the circuit was set at
30 V. As shown in Figure 12, when the drain-source voltage of the switch S4 Vds·S4 reaches
zero, Ir is positive. The rms value of Ir is 22 A, and the voltage VCD between electrodes
in the duct is 23 V and is synchronized, revealing the impact from Cetd can be neglected.
Hence, the field of E and B have no phase angle.

The comparison between the experiment and simulation is displayed in Figure 13. The
circuit parameters of Cr, Lcoil, Lps, Vin and fs are all the same. The RCD of the simulation is
adopted with the measurement conductivity of the KCl solution 1.1 Ω. Ir is positive when
the Vds·S4 is switched to low. Accordingly, the inductive operation and the following ZVS
of the simulation and the experiment is achieved, with the synchronized B and E values
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derived from Ir and VCD, which implies the resonant frequency of the drive circuit and
that the proposed drive method complies the electric analysis and the practical application.
Ir in the experiment is higher than in the simulation. The reason comes from the parallel
electrolysis and kinetic energy resistances in the real MHD engine, which decrease RCD and
leads to the larger Ir.
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Figure 13. The proposed drive circuit achieves the synchronization of the compound electromagnetic
field as Ir and VCD that operates the MHD engine at the maximum efficiency of the fields. This
indicates that comparing the simulation to the actual MHD engine prototype to identical drive circuit
parameters of the electric drive conforms to the proposed electric drive circuit analysis. Ir shows 91%
accuracy to the actual value.
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The simulation result is depicted in Figure 14, in which the E field constructs the E
field line, as shown in Figure 14a, and the simulation value within the electrode plates
is 169 V/m, as shown in Figure 14b, which is 7.7% lower than the experimental result of
182 V/m.
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Fluid flow was recorded by the ink, following method described in [19], and the
reference points to measure the fluid velocity at the outlet of the duct was compared, as
shown in Figure 15. The thruster is pushing the ink out from the outlet. The fluid velocity
at the outlet is 3 cm/s.
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A design flow chart in Figure 16 displays the development procedure of the MHD
thruster.
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6. Conclusions

This paper validates the concept of the AC MHD thruster and develops a prototype
to demonstrate its very detailed parameters. Several tables about the frequency response
of the KCl solution rated at seawater-level salinity from 10 kHz to 1.2 MHz are provided
to fill the knowledge gap in this area. The measurement results indicate the fact that the
conductivity of the solution rises with increasing frequency leads to lower power loss for
the conduction loss advantages of the AC. The equivalent resistance model of the power
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consumption for the solution is interpreted by comparing 316 stainless steel, zinc and
aluminum. Among them, aluminum is the optimal electrode material in the electrical
aspect since it has the lowest parallel capacitance and resistance in the electrode–electrolyte
interface. In addition, the simulation of magnetic field distribution and the field magnitude
reveals that the pancake winding coil could generate a higher B field than the conventional
saddle-type coil in an MHD thruster coil design to provide a higher power density for the
MHD thruster. The AC electric drive circuit is presented and validated by the experiment.

The comprehensive analysis of the marine AC MHD thruster, covering thorough
simulation, measurement, the experiment about the salinity–conductivity conversion, coil
design, fluid equivalent circuit, thruster drive design, and real fluid pushing test, are
interpreted.

This paper illustrates the operation principle, impacts of the frequency on the elec-
trolyte and electrolysis regarding the various material, laboratory solution, drive circuit
analysis in power electronics, experimental setup and design flowchart. The authors
hope the comprehensive demonstration can invoke researchers’ interest in the maritime
application of MHD thrusters.
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