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Abstract: Harnessing ocean wave energy is an old challenge that has gained momentum in recent
years. In this paper, we present the flow and electrical characterization of a prototype of an alternate
liquid metal magnetohydrodynamic (MHD) generator at a laboratory scale which has the potential
to make use of the energy of marine waves for its conversion into electrical energy. The eutectic
alloy Galinstan, used as a working fluid, was driven in oscillatory motion in a duct of a rectangular
cross-section exposed to a transverse magnetic field generated by permanent neodymium magnets.
The electric current induced by the motion of the liquid metal in the magnetic field was collected
through copper electrodes and delivered to the load. The oscillatory axial velocity component along
the duct was measured using ultrasonic Doppler velocimetry for different oscillation frequencies.
In turn, the output currents and voltages were measured for different operation conditions and the
electric power and efficiency were estimated from experimental measurements. The coupling of this
generator to a wave energy converter (WEC) is discussed.

Keywords: ocean energy; liquid metal MHD generator; wave energy converter

1. Introduction

The huge potential of ocean energy has encouraged the search for appropriate tech-
nologies that can take advantage of this resource in the short term. In particular, recent
estimates indicate that the global wave energy potential of oceans is 29.5 PWh/yr, wich is
higher than the world electricity consumption of 2018 (26 PWh/yr) [1,2]. Since the pioneer-
ing contributions of Girard [3] and Masuda [4], different wave energy converters (WEC)
have been proposed with the aim of harvesting the energy of waves and transforming it
into useful energy, particularly, into electricity. WECs can be classified by their location
zone in shoreline, nearshore, and offshore, according to whether they are located on the
coast, relatively close to the shoreline (with water depths no greater than 50 m) or in waters
with depths greater than 50 m [3,5,6]. WECs can also be distinguished in two wide cate-
gories through the power conversion system used, namely direct and indirect conversion
systems. Direct conversion systems transform the energy captured by the WECs into useful
energy in a single step as, for instance, the linear electric generator [7–10]. On the other
hand, indirect conversion systems transform the energy coming from the WECs in two or
more steps, for example, a system of air turbine coupled with a rotary electric generator
that transforms the energy captured by an oscillating water column into electricity [11–15].

Currently, the vast majority of designs and prototypes of WECs use indirect power
conversion systems based on rotatory generators. The major drawback of indirect systems
is that the overall efficiency is affected by the turbines, gearboxes, or hydraulic systems used
to couple the low-frequency movement of ocean waves with the high-frequency movement
of the rotary generator. On the other hand, direct conversion systems reduce the mechanical
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complexity and, consequently, the overall system’s efficiency improves. These systems
are characterized by a big force (depending on the size of the wave energy converter) and
a low frequency that matches the frequency of the wave. Actually, there are very few
options of direct conversion systems that take advantage of wave energy. Almost all of
them are based on linear generators and their variants, which present great engineering
and technological challenges, such as the high attractive force between translator and stator
that complicates the mechanical and bearing designs. In fact, as a result of the attractive
forces, the load on the bearings is large and needs maintenance to operate normally. Due
to the principle of operation of the linear generators and the oscillating conditions of ocean
waves, these devices are large, which makes their construction more expensive [7,8,16–19].
A description of the different technologies of linear generators used for the conversion of
wave energy is presented in [9,10].

An alternative way to obtain useful energy from WECs in a single step is to use a
magnetohydrodynamic (MHD) generator. Although both linear and MHD generators have
the same operating principle and are based on the use of permanent magnets, the main
difference between them is that the induced current and voltage in MHD generators are
generated in an electrically conducting fluid instead of a solid conductor. While power
production in a solid core linear generator is a surface effect, in an MHD generator it is a
volumetric effect which means that, in principle, MHD generators can be smaller and more
compact. In fact, the complexity of the generation system is substantially reduced by the
direct conversion of fluid motion into electricity. A common MHD generator consists of a
duct with a rectangular cross-section immersed in a static magnetic field that is transversal
to a pair of insulating walls. The walls parallel to the applied field are electrical conductors
(electrodes), as shown in Figure 1. When a conducting fluid flows inside the duct, its
motion within the imposed magnetic field induces an electric current perpendicular to
both the fluid motion and the applied field that can be extracted through the electrodes
connected to an external load. If the fluid motion is unidirectional, a DC current is induced
while, if the fluid carries out an oscillatory motion, an AC current is generated. In this way,
the kinetic energy of the fluid is converted directly into electric energy without the need of
mechanical parts.

Figure 1. Sketch of the operation principle of the alternate magnetohydrodynamic (MHD) generator.

In simple terms of order of magnitude, the power density in an MHD generator can
be estimated as Pe ≈ σB2ū2 [20], where σ is the electric conductivity of the working fluid,
B is the imposed magnetic field strength, and ū the average fluid velocity in the generator.
Owing to the high electrical conductivity of liquid metals (of the order of 106 S/m) which
allows high-current, high-power density generation with lower flow velocities, are good
candidates to be used as working fluids. In turn, with properly designed neodymium
permanent magnets, magnetic field strengths of the order of B = 1 T are feasible, while



Sustainability 2021, 13, 4641 3 of 17

with an optimal design of the wave energy converter, it is possible to achieve an average
fluid velocity of the order of ū = 2 m/s in the generator [21]. Therefore, this represents an
estimated power density of the order of 4 MWm−3 which means that a compact generator
with a volume of one liter could deliver a power output of the order of 4 KW.

An active branch of research in MHD electrical generation involves the use of plasma
as a working fluid [20]. For instance, the use of an MHD generator coupled with a turbine
has recently been analyzed in the search to increase the total efficiencies of fossil power
plants [22]. In turn, inductive MHD plasma generators where the power transmission is
allowed by magnetic induction, rather than by electrical contact, are also under develop-
ment [23]. The coupling of an MHD inductive generator with a thermoacoustic resonator
has also been investigated [24]. The principle behind this application involves the ther-
moacoustic effect which has been proposed to convert heat into acoustic energy, that is,
the mechanical energy of the oscillating conducting fluid, which in turn, is converted to
electrical energy through an MHD generator. This idea, that was originally proposed
by Swift [25], has gained new interest in recent years mainly due to an interesting ap-
plication that is currently being developed with the aim of supplying electric energy on
space trips [26–28]. MHD generators can also act as mechanical energy harvesters capable
of harnessing the mechanical energy from various environmental sources to convert it
into electricity. With this aim, a novel MHD vortex generator has been reported which is
based on the swirling flow of liquid metal through a cylindrical chamber under a strong
magnetic field [29,30]. An advantage of this circular design is that it avoids the electrical
energy end losses (end effects) that occur in duct MHD generators. As MHD generators are
well suited for mechanical energy sources characterized by high forces, low characteristic
frequencies, and small displacements [29], they have found their way in ocean wave energy
harvesting. In fact, MHD generators can provide an excellent match to the mechanical
impedance of ocean waves, which can hardly supply other wave power systems [31].
Several developments have been proposed over the years based on AC MHD generators.
In 1992, a reciprocating MHD generator for ocean wave energy was first proposed by
Rynne [32], where sea water passes through a duct under the presence of permanent mag-
nets. However, due to the very poor electric conductivity of sea water, the power output is
extremely small. In 2005, Koslover [33] patented a liquid metal MHD (LMMHD) power
generation system coupled to a WEC and also performed a theoretical analysis of how to
maximize the power output from the magnetohydrodynamic ocean wave energy converter
by controlling the applied load impedance [34]. Another development was carried out by
the Scientific Applications & Research Associates (SARA) who designed, built, and tested
a 100 kW prototype LMMHD generator for wave energy conversion [35]. Although very
scarce information is available, results reported that the efficiency from mechanical input
to output electricity is about 50%. On the other hand, in the first decade of this century,
the Institute of Electrical Engineering of the Chinese Academy of Sciences initiated an
extensive program for developing a LMMHD generation system aimed at exploiting ocean
wave energy. At the end of 2008, with a prototype tested in a demonstration facility with a
hydraulic mechanism that generates a reciprocating motion to simulate a wave capture
system, a device with a maximum output power of 3.35 kW and conversion efficiency of
68% was reported [31]. Another prototype that used mercury as a working fluid deliv-
ered a maximum output power of 160 W at a load factor of 0.5–0.6 with a magnetic field
intensity of 0.5 T and a piston speed of 0.5 m/s [36]. With an optimized laboratory scale
prototype of a LMMHD generator using U47 as the working fluid, a maximum output
power of 1.1 kW was measured with a load resistance of 45 µΩ and magnetic flux density
of 0.9 T, presenting a liquid metal speed in the generator of 0.5 m/s [21]. The effect of the
properties of liquid metals with a low melting point on the performance of a LMMHD
wave energy conversion prototype has also been analyzed [37]. The results show that the
system has the largest output power and highest efficiency when NaK78 is the working
liquid, considering the same external force and input work. The maximum output power
of NaK78 resulted in about three times that of U-alloy47 and eight times that of mercury,
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while the average efficiency of NaK78 is two and four times that of U-alloy47 and mercury,
respectively. Another independent numerical study analyzed the performance of a recipro-
cating liquid metal MHD generator for various external piston forces (regular, sinusoidal,
and irregular) with the same three working fluids [38]. It was found that the power and
electrical efficiency can be improved by choosing a liquid metal with low density and high
electrical conductivity working under a relatively long period, considering the shape loss
due to different cross-section areas between the MHD generator. Although this study also
favors the use of NaK78 due to its performance (power and efficiency) for all kinds of
forces, owing to its relatively low density and high electrical conductivity, safety issues may
prevent the use of such a liquid metal in the ocean applications. In a more recent study [39],
the importance of a low density working medium to reduce the damping of a power
take-off (PTO) system was confirmed, since with the increase of electrical conductivity the
damping force of the PTO system increases substantially and there is a maximum value
for the power output. The requirement of a working medium with the characteristics of a
low melting point, low viscosity, and non-toxic is emphasized. Different aspects that affect
the performance of LMMHD generators have also been addressed in the literature. For in-
stance, end effects caused by the short circuit of the currents at the edge of the electrodes
of an MHD generator can lead to energy losses. Zhao et al. [40] found that the velocity
in the MHD channel and the magnetic field gradient at the edge of the magnets are two
key factors that greatly affect end effects and suggest the integration of an insulating vane
and the smoothing of the gradient of the applied magnetic field to effectively suppress end
currents and decrease energy losses. In a theoretical study, Dominguez-Lozoya et al. [41]
analyzed the entrance flow region where the oscillatory fluid motion interacts with the
nonuniform magnetic field, finding that non-linear effects in the boundary layer lead to
the appearance of a pair of steady streaming vortices superimposed on the harmonic flow.
Although the extension and intensity of the vortices grow as the magnetic field gradient
increases, it was concluded that the disturbance created by the steady streaming vortices is
not expected to affect the performance of the MHD generator. Another important issue is
that due to the high conductivity of liquid metals and the characteristic low frequencies
of wave motion, the output of LMMHD generators provides low voltage and high cur-
rent. This may cause problems for reaching the output conditions required for common
applications. In order to address this problem, Xu et al. [42] designed and simulated a
power system for an LMMHD generator for the conversion of AC input into DC output,
finding that the conversion efficiency of the AC-DC converter is mainly affected by the
type of the rectifying device. Another large scale application of a LMMHD generator
coupled to a WECs developed in China is aimed at recharging autonomous underwater
vehicles (AUVs), which are limited by their on-board energy storage capability [43,44].
The conceptual design of the MHD wave energy underwater recharging platform for AUVs
includes a heaving buoy, a reciprocating liquid metal MHD generator with an average
output power of 4.4 kW, a power conversion unit, and an underwater induction power
transmission system. In a recent paper, the performance analysis of a heaving float wave
energy converter (WEC) coupled to a LMMHD generator was carried out, where the design
of a 5 kW LMMHD-WEC prototype with a system efficiency of 27% was reported [45].
Results confirm that a key factor influencing the performance of a LMMHD-WEC system
is the working fluid, along with wave motion characteristics, being possible to obtain the
best performance by adjusting the load parameters.

Although the extensive development carried out mainly at the Institute of Electrical
Engineering of the Chinese Academy of Sciences has covered a variety of relevant topics
of MHD ocean wave energy conversion, the assessment of the coupling of a LMMHD
generator to a WEC is not yet completed and more basic and technological research are
required to determine the feasibility of using ocean wave energy to produce electricity
through LMMHD generators. In addition, the Chinese research team has been focused on
large scale developments and high power units, using mainly three liquid metals, namely,
NaK78, U-alloy47, and mercury. However, LMMHD generators can also be of interest
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for small scale wave energy harvesting applications, for instance, as a source of electrical
energy to feed oceanographic instrumentation. In this context, the assessment of Galinstan
as working liquid metal is relevant mainly due to its non-toxic characteristics.

In this paper, we present the characterization of an alternate LMMHD generator
at a laboratory scale that is intended to make use of the energy of marine waves for its
conversion into electrical energy. This is the first step towards the development of a
small-scale LMMHD power generator coupled to a WEC. One of the guidelines for the
present design was the suitability to carry out precise measurements of both the flow
dynamics within the MHD generator, as well as its electrical response. From the dynamic
point of view, the oscillatory motion of the liquid metal in the MHD duct was measured
using ultrasonic doppler velocimetry for different amplitudes and oscillation frequencies.
For electrical characterization, the output current and voltage were measured for different
operation conditions while an estimation of the electric power and efficiency was performed
from experimental measurements. In a future contribution, the coupling of a LMMHD
generator to a WEC will be addressed.

2. Methodology, Experimental Setup, and Operation

The experimental set up involved three main elements: The reciprocating system,
which emulated the oscillatory motion of the marine waves transferred to the liquid metal;
the oscillation duct where the oscillatory liquid metal was confined, including the MHD
transducer that transformed the motion of the fluid into electricity delivered to an external
load; and the measurement system used to characterize the flow pattern and the electrical
performance of the device. The guideline for the design was to allow the fluid dynamics and
electrical characterization of the MHD generator. The whole system was designed using
CAD programs and the construction process was carried out with computer-controlled
machine tools (CNC) to provide the highest possible precision.

The reciprocating system transforms the angular motion of an electric motor into
a linear oscillatory motion with a zero-mean through a connecting rod-crank-sliding
mechanism, driving the liquid metal in the oscillation duct consisting of a 75.5-cm long
acrylic channel with a uniform rectangular cross section of 6 cm × 1.2 cm. Two permanent
neodymium magnets of 8 cm × 12 cm, located at 35 cm from the edge of the piston,
are placed at opposite parallel walls of a larger area which are electrically insulated, so
that a nearly uniform transversal magnetic field is set within this zone, except in the
fringing region near the edges of the magnets. A detailed measurement of the magnetic
field strength of the neodymium magnets was performed using a Gaussmeter, mapping
the whole magnet surface at the center plane of the duct. Permanent magnets were
separated by a distance of 22 mm and with this configuration a maximum magnetic
field strength of approximately 0.18 T at a distance of 11 mm from the surface of the
magnets was found. Copper electrodes with a liquid metal contact area of 13 cm × 1.2 cm
are allocated in the remaining parallel walls of the duct so that an external load can be
coupled to them (see Figure 2). Eutectic alloy Gallium-Indium-Tin (Galinstan) was used
as the working fluid whose density, kinematic viscosity, and electrical conductivity are,
respectively, ρ = 6360 kg/m3, ν = 3.3× 10−7 m2/s, and σ = 3.46× 106 S/m .

The oscillation frequency can vary in the range of 0.02–0.5 Hz, which comprises values
found in waves of the Mexican coasts [46,47]. In turn, the amplitudes of the oscillating
motion vary from 5 to 10 cm. At the extreme of the duct opposite to the location of the
piston, there is an open area where the ultrasonic Doppler transducer is introduced in
direct contact with the working fluid in order to measure the axial velocity component of
the oscillatory flow. A general view of the experimental device is shown in Figure 3.
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Figure 2. Sketch of the cross-section of the generator in the transducer zone.

Figure 3. Experimental device. UDV: Uultrasonic doppler velocimetry.

The performance of the device depends on the oscillation frequency and amplitude
of the fluid, the magnitude and distribution of the applied magnetic field, the physical
properties of the liquid metal and the external electrical load. Two important dimensionless
parameters that can be used to characterize the MHD flow in the alternate generator are
the oscillation Reynolds number and the Hartmann number, defined, respectively, as:

Rω =
ωh2

ν
, Ha = B0h

√
σ

ρν
,

where ω is the flow oscillation frequency, h is half the distance between the walls normal
to the magnetic field, and B0 is the magnetic field strength in the geometric center of the
generator. While Rω characterizes the dimensionless oscillation frequency of the fluid,
the square of Ha compares the magnetic and viscous forces in the flow. Considering the
spatial average at the mid plane of the duct, we have B0 = 0.1 T as a characteristic magnetic
field strength, therefore, the Hartmann number takes a fixed value of Ha = 24, confirming
the dominance of magnetic forces over viscous forces in the region exposed to the magnetic
field. In turn, accounting for the variation of the experimental forcing frequency and the
characteristic length scale (h = 6 mm), the oscillation Reynolds number varies in the range
Rω = 14–300.

It can be shown that nonlinear effects in the oscillatory flow are of the order of R/R2
ω ,

where:

R =
Gh3

ρν
,
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is the oscillation amplitude parameter, G being the amplitude of the pressure gradient
which can be deduced from the volumetric flow rate Q [41,48]. For the experimental
conditions, the range of variation of R is found to be 0.003–0.84 and considering the
variation of Rω, it is found that R/R2

ω ≤ 10−5, therefore, nonlinear effects resulted to be
negligible under the experimental conditions and the flow remained laminar.

An important electrical parameter is the load factor, defined as [48]:

K =
1

1 + Ri/Rc

which relates the internal resistance of the generator, Ri, with the load resistance, Rc,
and takes values from 0 to 1. The internal resistance assuming constant flow rate can be
estimated as [48]:

Ri =
w

σA
,

where w is the separation between the electrodes and A is their area. K = 0 corresponds
to the short circuit condition where the load resistance is much smaller than the internal
resistance (Rc → 0) so that the current circulates without restriction through the circuit.
In turn, the open circuit condition occurs when K = 1, where the load resistance is much
larger than the internal resistance (Rc → ∞) causing the current to close its paths within
the generator.

3. Flow Dynamics in the Oscillation Duct

The liquid metal impelled by the piston in the oscillation duct describes essentially an
oscillatory motion with a zero mean that comprises regions exterior to the applied magnetic
field, where the flow behaves hydrodynamically, and a region affected by the magnetic
field where MHD effects are important. Owing to the prescribed experimental conditions,
non-linear effects are negligible, therefore, the explored flow is in laminar regime. Since the
motion of the liquid metal in the oscillation duct is mainly unidirectional, only the velocity
component parallel to the symmetry axis of the duct was measured.

The axial flow velocity was recorded with an ultrasonic doppler velocimetry (UDV),
using a UDV 3010 Signal Processing system with a transducer TR0810LS of 8 MHz [49].
A mechanism allowed the transducer to move along the width of the duct, so that the
axial velocity can be measured in the central region as well as close to the lateral walls.
To avoid reflections caused by acoustic waves bouncing in the metal face of the piston,
measurements were made near the side walls of the channel by placing first the transducer
in the normal direction to the main flow and then varying the direction of the transducer
(acoustic axis) with a certain angle with respect to the main flow direction. By taking the
projection in this direction, the axial velocity component was obtained.

Figure 4 shows the maps of the axial velocity component of the liquid metal as a
function of the axial distance and time in open circuit conditions (K = 1). Three different
oscillation frequencies are shown (Rω = 14.2, 29.9 and 62.1), while the Hartmann number
(Ha = 24) and the oscillation amplitude (9.2 cm) remained fixed. The axial distance equal
to zero corresponds to the location of the transducer while different colors represent the
magnitude of the axial velocity. The red color (positive direction) indicates that the flow
moves away from the transducer and the blue color (negative direction) indicates that
the flow moves toward the transducer. The vertical alternating colored regions show
that the axial velocity behaves in a periodic way. As the oscillation Reynolds number
increases, the vertical alternating colored regions become narrower and more clearly
defined. The region in between the black horizontal lines represents the location of the
edges of the magnets, where electromagnetic effects are present.

Figure 5a shows the axial velocity component as a function of time at a distance of
15 mm from the side wall (z = 15 mm) and at the axial distance x = 209 mm (which
corresponds to the center of the magnets), for Ha = 24, amplitude of 9.2 cm, and different
oscillation Reynolds numbers. It can be observed that the magnitude of the axial velocity
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increases as Rω increases. Notice that the variation of Rω involves also a phase shift.
Figure 5b shows a comparison of the axial velocity profiles as a function of time at the
center of the oscillation duct (z = 30 mm) in two axial positions, one at the hydrodynamic
region (x = 340 mm) and the other at the mid point of the permanent magnets (x = 209 mm)
for Rω = 29.9, Ha = 24 and amplitude of 9.2 cm. Since the Lorentz force reduces the velocity
in the region influenced by the magnetic field, the velocity within this region is smaller
than the velocity outside it (hydrodynamic region). In the present case, the reduction in the
velocity is about 11.3%.

Figure 6 shows the root mean square (RMS) values of the average axial velocity in the
oscillation duct, obtained from the velocity profiles, as a function of the Rω for Ha = 24
and two oscillation amplitudes. It can be observed that the RMS value of the axial velocity
component increases as Rω increases.

(a)

(b)

(c)
Figure 4. UDV velocity maps in terms of the axial distance and time for Ha = 24, oscillation amplitude
of 9.2 cm, and for different oscillation frequencies: (a) Rω = 14.2, (b) Rω = 29.9, and (c) Rω = 62.1.
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Figure 6. Root mean square (RMS) value of the average axial velocity at the transversal mid plane of
the magnets as a function of Rω for different oscillation amplitudes with Ha = 24.

4. Electrical Behavior of the LMMHD Generator

Evidently, the electrical response of the LMMHD generator is linked to the power
source that drives the movement. Therefore, as a result of the reciprocating linear move-
ment of the piston transmitted to the liquid metal, the output electrical signals, namely,
the induced current and voltage, have an alternating behavior. The electrical performance
of the generator depends on several physical and geometrical parameters that include the
size (volume) of the generator, the oscillation frequency and amplitude of the liquid metal,
the internal and external electrical resistance of the generator, the strength and distribution
of the applied magnetic field, and the physical properties of the liquid metal. Once the
design of the prototype was defined, some parameters remained fixed such as the size
and internal resistance of the generator, the applied magnetic field and the properties of
the liquid metal. The electrical response of the generator was then explored by varying
the oscillation frequency and amplitude of the liquid metal as well as the external electric
resistance (load factor). The variation of these parameters is, in turn, restricted by the
limitations of the experimental prototype.



Sustainability 2021, 13, 4641 10 of 17

The electrical output conditions of the LMMHD generator involve low voltages and
high currents, then, it is necessary to use non-conventional measurement methods to char-
acterize its electrical behavior, since it is practically impossible to get reliable measurements
with ordinary devices. To overcome this complication, the current was inferred from a Hall
effect sensor (Allegro A1324 with a sensitivity of 5 mV/G), where its output voltage was
related to the induced magnetic field in a conductor (a variable electric load) through which
the electric current of the MHD generator passed. The calibration of the Hall effect sensors
and the measurement of the electrical resistance of the variable loads were carefully carried
out to guarantee the reliability of the output electrical measurements. The output voltage
can then be estimated using Ohm’s law by means of the induced current and the electric
resistance of the external load. With the aim of varying the load factor of the generator,
materials with different electrical resistances were used. The internal resistance of the
generator measured experimentally is equal to Ri ≈ 1.0× 10−5 Ω. In turn, the total load
resistance (Rc) is the sum of the resistance of all the components of the external load, which
includes a fixed electric load plus a variable load. The variable electric resistance consisted
of three metallic bars of different materials (copper, aluminum, and steel) so that it was
possible to obtain values of the load factor K of 0.88, 0.916, 0.920, and 0.978 [48].

Figure 7a,b, respectively, show the induced current and voltage as a function of time
for different values of the oscillation Reynolds number. The oscillation amplitude was
9.2 cm while the load factor and Hartmann number correspond to K = 0.88 and Ha = 24,
respectively. First, notice that induced currents, inferred from the output of the Hall effect
sensor, are of the order of magnitude of amperes (A) while induced voltages remain in the
order of millivolts (mV). It can also be observed that the amplitude of induced currents and
voltages increases as the oscillation frequency increases, while a phase shift also appears
with the variation of this parameter. In both figures, the signal corresponding to the smaller
frequency (Rω = 94.3) shows a slight deformation with respect to a pure sinusoidal signal
that could be due to perturbations introduced by the reciprocating system.
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Figure 7. Induced output current (a) and induced output voltage (b) as functions of time for different oscillation Reynolds
numbers with K = 0.88, Ha = 24 and an oscillation amplitude of 9.2 cm.

Figure 8 shows the RMS value of the induced current and voltage as functions of the
oscillation Reynolds number for different load factors with Ha = 24 and an oscillation
amplitude of 9.2 cm. It can be observed that current and voltage increase almost linearly
with respect to the oscillation frequency. For the induced current, the fastest growth is
found for the smallest load factor explored (K = 0.88) while the slowest corresponds to
the higher load factor (K = 0.97). As expected, this behavior is inverted for the induced
voltage although differences in the growth rate for different load factors are rather small.
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For the lowest load factor explored (K = 0.88), the highest RMS values for the induced
current and voltage are 7.4 A and 0.66 mV, respectively.
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Figure 8. RMS values of the induced output current (a) and voltage (b) as functions of the oscillation Reynolds numbers Rω

for different load factors with Ha = 24 and an oscillation amplitude of 9.2 cm.

The performance of the alternate LMMHD generator is characterized to a large extent
by the output electric power which can be obtained from the product of the induced
current and induced voltage. Figure 9a shows the output electric power as a function of
time for different oscillation Reynolds numbers with K = 0.88, Ha = 24, and an oscillation
amplitude of 9.2 cm. It can be observed that the amplitude of the output power increases
as Rω increases and reaches around 10 mW for the highest Rω value shown (Rω = 270.7).
Note also that the peak amplitude presents slight variations. The RMS value of the output
electric power is shown in Figure 9b as a function of the oscillation Reynolds number for
different load factors with Ha = 24 and an oscillation amplitude of 9.2 cm. A quadratic
variation with the oscillation Reynolds number is found, the fastest growth corresponding
to the largest Rω value (Rω = 270.7).

The electrical characterization of the alternate LMMHD generator requires the calcu-
lation of efficiency. The electrical isotropic efficiency is defined as the ratio of the output
electric power, Pe , and the flow power or mechanical power, Pf , required to overcome
the Lorentz force exerted on the fluid within the magnetic field, integrated over the to-
tal volume V of the generator and over a whole time period τ (or an integer number of
periods) [20,50], that is:

ηe =
Pe

Pf
=

1/τ
∫ τ

0 dt
∫

V J · EdV

1/τ
∫ τ

0 dt
∫

V(J× B) · udV
.

where J, E, and u are the electric current density field, electric field, and velocity field,
respectively. Note that the integral in the numerator is the product of the current and
voltage and can be estimated directly from the experimental RMS values. On the other
hand, it was not possible to obtain the flow power directly from the experiments, therefore,
an alternative estimation based on the following expression was used:

ηe =
PeRMS
Pf RMS

=
IRMSVRMS[∫

V(J× B) · u dV
]

RMS
. (1)



Sustainability 2021, 13, 4641 12 of 17

where the analytical expressions for J and u based on a simplified analytical model of the
generator and fed with experimental values were used [48].
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Figure 9. (a) Output electric power as a function of time for different oscillation Reynolds numbers with K = 0.88. (b) RMS
values of the electric output power as a function of the oscillation Reynolds number for different load factors. Ha = 24 and
the oscillation amplitude is 9.2 cm.

Figure 10a shows the electrical efficiency estimated using expression (1) as a function
of the oscillation Reynolds number for different values of the load factor with Ha = 24 and
oscillation amplitude of 9.2 cm. It can be observed that the highest efficiency (ηe = 0.2)
is obtained for the smallest load factor explored (K = 0.88) while the lowest efficiency
(ηe = 0.085) corresponds to the largest load factor (K = 0.97). For each load factor, the
efficiency remains practically constant in the whole range of Rω, although a very slight
increase is found with this parameter. Figure 10b shows the isotropic efficiency as a function
of the load factor for Rω = 60, Ha = 24, and oscillation amplitude of 9.2 cm. The symbols
represent the experimental data while the black line corresponds to a data fit. Only one
value of Rω is presented due to the very small change of the efficiency with respect to this
parameter, therefore, this curve is essentially the same for any other of the explored values
of Rω. It can be observed that the maximum efficiency is obtained for K = 0.88.

When compared with the values of output electric power and electrical efficiency
predicted by a simplified analytical model [48,50], the values obtained experimentally
for the output power and the electrical efficiency are approximately 50% lower. This
reflects in part the idealizations introduced in the model which considers the flow in
the MHD generator as two-dimensional and under a completely uniform magnetic field.
The existence of additional friction losses, not considered explicitly in the model, as well as
contact resistance effects between the copper walls and liquid metal, affect the performance
of the generator. In turn, the non-homogeneity of the magnetic field and the finite size
of the magnets, originate modifications in the flow field [41], as well as in the electrical
response of the device. In particular, the abrupt variation of the magnetic field at the edges
of the permanent magnets and finite size of the electrodes give rise to end-effects which
divert the induced electric currents out of the electrode area forming short-circuited loops
outside the generation zone [37].
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Figure 10. (a) Electrical efficiency as a function of the oscillation Reynolds number for different load factors. (b) Electrical
efficiency as a function of the load factor, K, for Rω = 60.69. In (a,b) Ha = 24 and the oscillation amplitude is 9.2 cm.

5. Concluding Remarks

In the present work, the experimental characterization of a liquid metal magnetohy-
drodynamic generator which has the potential of converting useful energy from marine
waves into electricity was carried out. As direct power conversion systems, MHD gener-
ators present an alternative to linear generators, the main difference with these devices
being the use of a fluid as conducting medium. Moreover, MHD generators are able to
work at low frequencies, matching the frequencies of ocean waves. As mechanical energy
harvesters, LMMHD generators are capable of harnessing in a suitable and efficient way,
ocean wave energy to convert it into electricity, particularly for small-scale applications.
Motivated in the understanding and modeling of the physical phenomena involved in
the conversion process and the scarce experimental information on the performance of
small-scale devices, we reported the construction and experimental characterization of
a prototype at a laboratory scale of an alternate MHD generator that uses galinstan as a
working fluid.

To emulate the oscillatory wave motion, a device that allows to transform the rotary
movement of an electric motor into a linear motion transferred to the liquid metal confined
in the oscillation duct was designed. The LMMHD transducer allows the variation of the
oscillation frequency and amplitude, as well as the external electric load. The analysis of
the oscillatory liquid metal MHD flow was carried out using a UDV system which allowed
the measurement of the axial velocity component of the flow for different oscillation
frequencies and oscillation amplitudes. To the best of our knowledge, UDV measurements
of the liquid metal flow in an MHD generator have not been reported before. The braking
effect caused by Lorentz forces when the liquid metal flows through the zone affected
by the applied magnetic field was also detected. Moreover, for the explored range of
governing parameters, the average axial velocity increased in a linear way with respect to
the oscillation Reynolds number.

As LMMHD generators deliver low output voltages and high output currents, typical
measurement techniques are useless, therefore, in this prototype the electric current flowing
in the external load was inferred from a Hall effect sensor while the load resistance was
measured using a multimeter and applying the 4-wire technique. It was found that the
RMS values of the current and voltage increased in a linear way as the oscillating Reynold
number increased, while the output electric power, being the product of the current and
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voltage, increased quadratically as the oscillating Reynolds number increased. Due to the
smallness of the internal resistance of the generator, it was difficult to get load factor values
close to K = 0.5 where the highest output power was obtained (when the load resistance
equaled the internal resistance). Maximum RMS values around 5 mW were reached for
the lowest load factor explored (K = 0.88) and a high oscillation Reynolds number of
273. In turn, estimations of the isotropic efficiency were obtained, where the mechanical
power was calculated with an analytical function. The highest isotropic efficiency estimated
experimentally for K = 0.88 was about 20% in the whole range of Rω explored. This is
much lower than the efficiency predicted by a simplified analytical model [48,50] due to
several factors. In the first place, the analytical model is two-dimensional and assumes that
the applied magnetic field is everywhere uniform which is far from reality. In fact, the non-
homogeneity of the magnetic field and the finite length of the electrodes cause the end-
effects of the generator, which are responsible for the biggest losses in the generator. It has
to be mentioned that unlike the large scale systems developed at the Institute of Electrical
Engineering of the Chinese Academy of Sciences, the LMMHD generator presented in
this work has not been designed to provide an optimized electrical performance but to
allow, on the one hand, a detailed measurement of the oscillatory velocity of the liquid
metal through the UDV technique, which helps to describe the flow dynamics inside the
generator and, on the other, to acquire reliable data of the output voltage and current
for characterizing the performance of the small scale device. Furhtermore, our results
provide information of the effects of the properties of galinstan on the performance of
a reciprocating LMMHD generator, a working fluid that has not been tested before for
this application.

Currently, a new experimental prototype able to operate in more realistic conditions is
under construction with the objective of testing a LMMHD generator in a wave channel
avoiding the reciprocating system used in the laboratory prototype. This implies coupling
the generator to a wave energy converter, that will be responsible for transferring the
oscillating motion of the waves generated in the channel to the alternate LMMHD generator.
The new design of the oscillation duct introduces modifications which will allow a better
performance of the generator. In particular, a geometric modification of the oscillation duct
that increases the liquid metal velocity and reduces the losses due to end-effects in the
alternate LMMHD generator are considered. These are important aspects to be considered
for increasing the output power and electric efficiency of the generator.

Although many challenges have still to be overcome for the use of ocean wave energy
through MHD generators, the present work tested the feasibility of an alternate LMMHD
generator at a laboratory scale, providing experimental results that will be of relevance
for future designs. A more wide assessment can set AC LMMHD generators as a suitable
alternative to convert ocean wave energy into electricity on a small scale. For instance,
the power supply to offshore scientific instrumentation could be considered as an interest-
ing application. If required, higher output power could be reached by coupling several
generators. Among the remaining challenges is the development of a conversion system
for transforming the electrical output of the alternate LMMHD generator, characterized
by high currents and low voltages, to the standard requirements of conventional electric
devices. It is expected that results obtained in the present work will set the basis for future
research and development leading to a complete assessment of MHD technology for wave
energy conversion.
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