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Magnetohydrodynamic Energy Harvester for
Low-Power Pipe Instrumentation

Xiaotong Zhang

Abstracti—Smart pipes can be adopted as a solution
to problems in water distribution systems. However, the
real application of such a system is usually constrained
by power delivery. In this article, a magnetohydrodynamic
(MHD) energy harvester for low-power pipe instrumentation
is developed. A theoretical model of the maximum power
output containing parameters of water conductivity, flow
velocity, magnetic flux density, and water channel volume is
derived. To enhance the magnetic flux density, a magnetic
concentrator is designed and carefully tuned to arrange the
magnetic flux as we desire and magnify the magnetic flux
density within the channels. A spiral flow diverter is pro-
posed to reconfigure the original pipe flow pattern and di-
vert the flow into the surrounding channels to enhance the
flow velocity. After integrating the proposed improvements
from different fields and globally optimizing the power out-
put, a final design is prototyped and tested in the lab, which
achieves a maximum power output of 87.47 nW with a
2-m/s pipe inlet velocity. To the best of our knowledge,
this is the first MHD energy harvester for low-power sensor
networks. Its great potential is demonstrated, and several
potential enhancements to the power output are proposed
and analyzed.

Index Terms—Energy harvester, magnetic concentrator,
magnetohydrodynamics (MHD), smart sensor networks,
spiral flow.

[. INTRODUCTION

ATER is one of the most important resources on earth.

Water dramatically influences human civilization in the
way of health and pollution, agriculture, hygiene, transporta-
tion, fire considerations, recreation, industrial application, etc.
Moreover, no creatures can live without water.

However, the water distribution system heavily relied on
by modern civilization introduces severe problems, which can
result in significant resource waste, safety issues, and infras-
tructure damage. In 2013, 14-18% of the clean drinkable water
distributed through water distribution pipe systems was leaked
into the United States ground, which is estimated to be about
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Fig. 1. Example of instrumented pipe systems.

2.1 trillion gallons of water [1]. When the scope is zoomed out
to our blue globe, the severity of water leak is different in every
region, and the percentage varies from 5% in Japan [2] to more
than 50% in some least developed countries [3], [4]. As a result,
the annual economic loss for water companies around the world
adds up to $14 billion [5]. In addition to economic loss, the
underground water leak can also cause contamination in water
[6], horrendous infrastructure destruction [7], and even human
casualties.

Instrumented pipes can significantly reduce such water pipe
system problems. Most of these pipe system problems can be
avoided if they can be discovered and solved in an early stage [8].
Thus, a very likely solution is to adopt instrumented pipe systems
to monitor and forecast the working condition of the system and
perform self-control and self-recovery. An example is illustrated
in Fig. 1, which is developed based on and inspired by the
work in [9] after further integrating smart valves and robots for
leak detection and repair. Cutting-edge sensor nodes perform
real-time data acquisition [10], [11] and communication with
distributed smart agents and/or a centralized management and
control center [12]. When an anomaly is detected or predicted, a
solution is generated and executed locally through flow control
valves, robots, and any other agents [13]. This system can effec-
tively monitor the integrity of the asset, predict future problems,
and recover automatically without human intervention.

However, the power delivery constraint to the wireless sensors
limits the deployment of instrumented pipe systems in real
applications. These sensors are usually hard to reach, densely
distributed, and an ultralong lifetime is required. These char-
acteristics prohibit the use of traditional power delivery mech-
anisms, such as batteries and some existing energy harvesting
methods for other applications. It is worth noting that the average
pipe lifetime in the United States is 125 years [14].
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Energy harvesting researchers have explored different ma-
terials and principles. Turbines, converting the longitudinal
flow momentum into rotational movement of the blades, are
the most popular harvesters in this area, usually with a more
than sufficient power output [15]. Besides turbines, significant
research has focused on piezoelectric materials [16]-[18] and
direct electromagnetic interaction [19] for harvesting the en-
ergy of mechanical vibrations stimulated by inherent turbulence
phenomenon, e.g., vortex induced vibration and Karman vortex
street. However, all these three methods require mechanically
moving or vibrating components, which limit the lifetime of
these energy harvesters. Moreover, piezoelectric material and
direct electromagnetic interaction also suffer greatly from off-
resonance behavior, which constrains the working flow ve-
locity [20]. Other options include thermoelectricity [21] and
solar [22] based energy harvesters. However, the power output
of thermal electricity is dramatically confined by the limited
temperature difference. When it comes to solar energy, placing
such cells above ground will consume additional space and can
require complicated wiring.

Ultralow-power sensors with lower and lower power require-
ments have been proposed, analyzed, fabricated, and tested. The
power requirement of microcontrollers, strain gauges, micro-
phones, pressure sensors, temperature sensors, bluetooth, etc.,
have been dramatically reduced [20], [23]-[25]. As a result, in
2014, a new leak detection sensor node was proposed and devel-
oped [9]. Enhanced by advanced power management strategies,
the sensor is turned ON every six hours and achieves a power
requirement of as low as 2.2 yW. After adopting a more aggres-
sive power management strategy and microelectromechanical
systems (MEMS) technology, the power requirement can be
further reduced to hundreds of nanowatts.

Magnetohydrodynamics (MHD) has great potential in energy
harvesting for water pipe applications. In 1832, Michael Fara-
day conducted an experiment in London trying to measure the
voltage difference between the two river banks caused by the
interaction between the flow field and the earth’s magnetic field.
However, the current was too small for the equipment to measure
at that time [26]. In the 20th century, several countries success-
fully developed MHD energy harvesters using plasma as a con-
ductor [27]. Since then, more research on MHD flow structure
and precise numerical models has been conducted [28]-[30].
All these works have increased our understanding of MHD.
This type of energy harvester has several unique advantages,
which are very difficult for existing energy harvesting methods
to compete with.

1) No Moving Mechanical Part: Unlike traditional turbines,
piezoelectricity, and direct electromagnetics, there is no moving
mechanical part, so the lifetime is dramatically increased.

2) Wide Working Range: It can work under any regular flow
velocity because it does not suffer from off-resonance, which
is a common and severe problem for piezoelectricity and elec-
tromagnetics. Unlike solar energy, this MHD energy harvester
does not require above-ground space. Unlike thermal electricity,
it works under any normal temperature in water pipes.

3) Direct Current Output: The current and voltage output
from MHD energy harvesters is direct current, which means

Flow
outlet

Fig. 2. Conceptual design with its cross section of the energy harvest-
ing part. The gold surfaces are the electrodes and the blocks in red and
blue are the magnets. The hollow center is to allow in-pipe robots to
navigate through and reduce flow blockage. The MHD channels are the
channels for MHD to work.

that rectifiers can be much easier and even removed if the flow
velocity is constant.

This article focuses on the MHD phenomenon. Specifically,
we will investigate its potential to deliver sufficient power to
wireless sensor nodes. Theoretical analysis, physics-based mod-
eling, numerical simulation, and experiments are presented. The
contribution of this article can be summarized as follows: 1) the
idea and development of a novel MHD energy harvester using
permanent magnets working with clean water. To the best of
our knowledge, this is the first working MHD energy harvester
aimed at powering ultralow-power sensor nodes; 2) a system-
atic design and optimization methodology; 3) two strategies to
enhance power output, namely a magnetic concentrator and a
spiral flow diverter to amplify magnetic flux density and flow
velocity, respectively.

The rest of this article is organized as follows. In Section I, we
briefly describe the conceptual design of the energy harvester.
Section III presents the working principle and a simplified model
for MHD, which directs our following design and optimization.
Section IV presents the optimization of the magnetic field and
flow field. In Section V, a final design is proposed along with a
prototype. The experimental setup, experimental results, as well
as discussions, are covered in Section VI. Finally, Section VII
concludes this article.

[I. CONCEPTUAL DESIGN

A conceptual design isillustrated in Fig. 2. The design consists
of three parts: 1) a flow development part to allow the original
pipe flow to better expand; 2) an energy harvesting part with
permanent magnets and electrodes for MHD to work as desired;
3) a tail part to confine the flow to the size of the pipe and
alleviate flow blockage. The center of the energy harvesting
part is hollow to significantly reduce the pressure drop caused
by the harvester. In the meantime, the hollow center can allow
in-pipe robots [31] to navigate through. Thus, the channel for
MHD to work is placed around the hollow center and separated
into four subchannels by the electrodes. With the help of the
flow development part, the inlet flow is expanded and separated
into the four channels, as shown in Fig. 2. The MHD energy
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Fig. 3. MHD principle with a channel of length L, height h, and width
b. The flow velocity is u, B is the magnetic flux density, and I is the
resultant current.

harvester can be installed as a separate and additional section on
the original pipe networks or integrated directly and seamlessly
on the newly built smart pipes.

[ll. MHD PRINCIPLE AND MODELING
A. Conductivity of Water

Conductivity is the macroscopical reflection of the existence
of ionic content in a solution. Even in ultrapure water, the au-
todissociation process of water will endow the water with a very
low electric conductivity of 5.5 x 107% S/m at the temperature
of 25 °C [32]. With ionized impurities in water, such as sulfate,
calcium, chloride, and sodium, the electric conductivity can be
dramatically increased. The conductivity of tap water in our lab
is measured to be 0.0750 S/m, while the conductivity of seawater
can be more than 1 S/m [33]. The existence of these ions is the
prerequisite for MHD to work.

B. MHD Principle Modeling

Fig. 3. is a simplified MHD energy harvester to help to
illustrate the principle. Current I, flow velocity u, and magnetic
flux density B are in the direction of z, y, and z direction,
respectively. The channel walls perpendicular to the x axis
are attached with conductive electrodes. In the presence of the
magnetic field, moving positive and negative charges in the water
driven by the flow will be subjected to an additional Lorentz force
pointing in the opposite direction, according to

F=q(E+uxB) (1

where ¢ is the charge; E is the electric field strength; u is
the velocity of the charge; and B is the magnetic flux density.
Positive and negative charges will tend to move in the opposite
direction, which induces a current. On the other hand, Ohm’s
law takes the general form of

J=o(E+uxB) @)

where J is the current density, and o is the conductivity of
water. Given the relationships for the current I, I = j,hL, and
the internal e.m.f. V., V,, = E,b = I(Rjouq + 1), Where 7 is the
internal resistance, and R),,q is the external load resistance, the
current output in an external circuit can be derived as

chLbuB

= 20+ ohL Ry 3)

which easily leads to the power output extracted by the external

load resistance
2
) Rload . (4)

After simple rearrangement and calculation, the max power
output can be found as

po_ chLbuB
U\ 20+ ohL Rioua

Py = éaVB2 u? (5)

Utimax

where V/, the volume of the flow channel of Fig. 3, is defined as
V' = bhL. The optimal load resistance is

2b

Rigad = ﬁ (6)

It is worth noting that (5) is the maximum power that can

be extracted and consumed by the external load resistance. The

maximum of the total generated power will be two times that of

(5).

C. MHD Model Analysis

From the above expressions, it is clear that the magnetic flux
density B and flow velocity u are fully decoupled, although
the relationship is not linear. Both magnetic flux density B and
flow velocity u have a quadratic contribution to the final results,
which means that more weight and effort can be made in the
optimization of these two fields.

Significant works have been conducted and archived on the-
oretical modeling, numerical simulation methods, and exper-
imental studies on static magnetic field analysis and hydrody-
namics. However, whether these methods and approaches can be
applied to MHD energy harvesters still requires careful analysis.

The governing equations of MHD flow can be summarized as
a mass continuity in (7) and a Cauchy momentum in (8).

ap B
0
p((%+u~V>u—JxBVp ®)

where p is the density of water, and p is the pressure. The only
difference after considering MHD is the term J x B represent-
ing the additional Lorentz force acting on the control volume,
which is added on the right side of (8). The pressure gradient
term for the pipe flow can be calculated as

vp = 5L Pl
D 2
where D is the diameter of the pipe, f is the Darcy friction
factor, and puﬁvg is the dynamic pressure. However, in our
application, where the current density and the magnetic flux
density generated by the permanent magnets are much lower
than those of an MHD energy harvester used in a large plant
with plasma as a working substance, the additional Lorentz force
term is negligible when compared with the pressure gradient
term. Thus, in the following analysis, principles and results from
other general hydrodynamics or fluid mechanics research can be

(€))
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Fig. 4.
design.

Cross section of the energy harvesting part in the conceptual

applied. Well-developed simulation methods are also suitable,
which makes the design and analysis much easier and efficient.

Similarly, for the static magnetic field, the current density term
in Ampere’s circuit law is neglected. Thus, the MHD effect can
also be set aside when analyzing the magnetic field.

IV. DESIGN AND OPTIMIZATION

In this section, analysis and design methods are proposed
to improve the power output by enhancing the magnetic flux
density and the flow velocity.

A. Magnetic Field Analysis and Optimization

Amplifying the net magnetic flux density in the channels is a
challenge. This is mainly due to the inherent characteristics of
magnetic field lines. The channels in the conceptual design will
also be occupied with magnetic flux in the opposite direction,
which is not desired. In Fig. 4, each channel is made up of two
N52 degree arc Neodymium magnets, two electrodes, and an
arc space for the flow to move through. Because the total net
magnetic flux for any arbitrary closed control volume must be
zero, the net magnetic flux in the channel will equal the net
opposite magnetic flux within the electrode walls, which is very
small.

An effective way to eliminate this problem is to introduce
a magnetic concentrator with high magnetic permeability to
guide the magnetic flux in the way we desire. The concentrator
proposed is shown in Fig. 5 with cyan color. With this design,
most of the opposite magnetic flux starts from the north pole
of the outer arc magnets, keeps traveling in the concentrator
through the outer circular loop, the straight channel walls, and
the inner circular loop, and finally, arrives at the south pole of
the inner magnets. Thus, the net magnetic flux density in the
channel will be amplified.

Numerical simulation is conducted to validate the perfor-
mance of the concentrator and study the influence of several
parameters. Table I shows how the factor values vary in the
different simulations. Relative permeability j, controls how
attractive the concentrator is to the magnetic flux. The saturation
magnetic flux density By controls the saturation point of the
material, reflecting the amount of magnetic flux the material can

‘ Concentrator
N52 Magnet|
\\ —

Fig. 5. Cross section of the energy harvesting part with the magnetic
concentrator.
TABLE |
PARAMETER VALUES IN SIMULATIONS
Factor Comment
METGLAS 2714A ur =1 x 108, Bg = 0.57T

ur =5 x 10°, Bs = 0.75T
wur =2 x 103, B; = 1.80T
Distance between
two layers of magnets

Mu-metal
Ductile Iron
5 mm - 30 mm with
an interval of 5 mm
I mm - 15 mm with

Material

Channel width ¢

Loop width d . The width of the circular part
an interval of 2 mm
0.15 —8—w = 18 mm|1
—A—w =14 mm
—©—w =10 mm
—P—w=6mm
0.1} —¥=w=2mm ||
e
(5
0.05F
N e T

5 10 15 20 25 30
Channel width ¢ (mm)

Fig. 6. Mean magnetic flux density in the radial direction B,. without
the magnetic concentrator for various channel width ¢ and wall dis-
tance w.

hold within itself. Higher values of these two factors are usually
better. However, most materials present a tradeoff between its .
and B, which requires us to analyze the effect of these factors
and find the optimum. Another two factors are geometrical
factors, the channel width ¢, and the loop width d.

The simulation for the static magnetic field is performed using
ANSYS Workbench 2019 R2. With the help of the parameter
space and its automatic execution function in ANSYS, all com-
binations of the factor values are simulated automatically.

The effect of the magnetic concentrator is verified first. The
simulation results without the magnetic concentrator are plotted
in Fig. 6. And it is clearly shown that the magnetic flux density
in the channels is very small. The mean magnetic flux density in
the radial direction B, increases with the wall distance w, which
agrees well with our analysis and prediction. And B, decreases
with channel width c, which means that the magnetic flux density
field is very sensitive to the distance between magnets. After
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Fig. 8. Contour plots of magnetic flux density with the material of
(a) METGLAS 2714 A; (b) mu-metal; (c) iron. Magnetic flux vector plots
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Fig. 9. B, . with different sizes and configurations.

Tlron

comparing with the results in Fig. 9, the amplification of the
magnetic flux density is verified.

The influence of different concentrator materials is then an-
alyzed. In Fig. 7, the ratios of the magnetic field with different
materials under various same geometrical parameter combina-
tions are shown. A ratio greater than one means that the material
on the numerator is better than the one in the denominator. It
can be concluded that, within the geometrical parameter space
for this application, mu-metal performs better than MATGLAS
2714 A and ductile iron performs better than mu-metal. Thus, in
this application, a material with a high saturation point is more
desirable.

The reason for this phenomenon can be drawn from Fig. 8. All
these three materials have relatively high permeability compared
with water and air. Thus, they all tend to attract lots of magnetic
flux. However, because of the high magnetic saturation point, the
magnetic flux density in iron is much larger than the two other
materials. Thus, iron material contains much more opposite
magnetic flux, and the net magnetic flux density in the channel
region is dramatically amplified. From another point of view,
because the size of the magnetic concentrator cannot be large
enough, all three materials saturate. In this case, the saturation
point will be the key factor influencing its performance the most.

Next, our analysis on the form and size will be based on
materials with a high saturation point but moderate relative
permeability. We will take iron as an example. Results of average
magnetic flux density in radial direction with different ¢ and d
are plotted in Fig. 9.

The simulation results agree well with our analysis. Larger ¢
will allow more space to place more magnets, but the magnetic
flux density between two layers of magnets is very sensitive to
the distance. Thus, the overall effect will make B, decrease
with ¢. When it comes to the loop width d, larger d enhances
B,,,, because it will allow more magnets to be installed, and it
can contain more opposite magnetic flux. However, the trend is
almost converged when d > 11 mm, which means that saturation
is not the dominant factor anymore. The benefit in increasing
further the value of d is limited. Moreover, the influence of d on
the flow field is assumed to be trivial because d influences the
position of the channels the most, which is not the key factor
for the flow field. Therefore, the d value can be determined
to be 11 mm after balancing the performance and the overall
size of the energy harvester in this application to avoid bulky
devices in real deployment. However, the value of ¢ has to be
determined after the analysis of the flow field because different
¢ will dramatically influence the channel flow field, given the
strong boundary effect.

B. Flow Field Analysis and Optimization

Three-dimensional numerical simulation of the flow field is
performed using the FLUENT module in the ANSYS Work-
bench 2019 R2 platform. And a significant problem when we
analyze the conceptual design is that the pattern of the original
pipe flow is too strong in the flow development part of Fig. 2.
Thus, only a small amount of the flow is expanded, and the flow
velocity in the channel is relatively small. To solve this problem,
we develop a spiral flow diverter to enhance the flow velocity in
the channels. Its working principle and results directly related
to the performance of the MHD energy harvester are briefly
described in this section.

The flow velocity profile of a Rankine vortex is described as

I'r/2rR*) r <R

I'/(27r) (10

up(r) =

r>R
where ug is the tangential velocity, R is the radius of the vertex,
I is the circulation, and r is the distance between a specific
point and the center of the vertex. According to this Rankine
vortex model, inside the region of the vortex, flow velocity in
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Velocity (m/s)

Fig. 10.  Streamline plots with 2-m/s inlet velocity for (a) spiral channels
with width = 20 mm, pitch = 400 mm; (b) the case without a spiral flow
diverter.

Velocity (m/s)

12
LB
1

— 09

Fig. 11.  Velocity contour with 2-m/s inlet velocity on three slices in
the harvester section for (a) spiral channels with width = 20 mm,
pitch = 400 mm; (b) the case without a spiral flow diverter. The three
slices are located at the very front, middle, and very end of the energy
harvesting part.

the region with larger radial displacement from the center is
increased. And the working channels in our design are placed far
from the middle to reduce blockage in the pipe flow. Therefore,
an artificially induced vortex will be beneficial.

With this idea in mind, the straight working channel is
transformed to be spiral. A spiral flow guide with a gradually
changing pitch is augmented in the flow development part of
the conceptual design. And the transition between the flow
development part and the energy harvesting part is made to be
smooth to reduce the blockage on flow.

The effect of this spiral flow diverter is verified with 3-D
numerical simulation. The numerical methods adopted are the
same as those in [34], which has verified that the numerical
setup is sufficiently accurate when simulating spiral flow within
a confined space. The end time in the simulation is set to be 25 s
for the mean value of flow velocity in all the cases to converge.
The streamline comparison in Fig. 10 clearly shows that the
proposed flow diverter can induce the vortex, which agrees with
our analysis. And the flow velocity contour in Fig. 11 indicates
that the average flow velocity in the channels is amplified, while
the velocity in the hollow center area is reduced.

The pitch of the spiral flow channel, channel width ¢, and inlet
flow velocity are varied in the series simulations. To avoid the
strong influence of boundary effects, the values of ¢ should not
be smaller than 10 mm. The plot of average flow velocity v,,q4
in Fig. 12(a) shows that when channel width ¢ = 20 mm, all
the cases with the spiral flow diverter performs better than the
cases without the spiral diverter. vy, 4 decreases with the channel
width ¢ and the spiral channel pitch. However, the influence of
pitch on the performance is much more limited when compared

| —©—Without the spiral dive'rter, channel = 20 mm
—E— pitch = 400 mm, channel = 20 mm
=B pitch = 400 mm, channel = 10 mm

1.2 - —8—pitch = 400 mm, channel = 30 mm

—— pitch = 200 mm, channel = 20 mm

pitch = 800 mm, channel =20 m;

Uag (/)

0.4
0.2
1 1.5 2 25 3
Inlet flow velocity (m/s)
(a)
1600 — T T T
—©— Without the spiral diverter, channel = 20 mm
1400 - =8 pitch =400 mm, channel =20 mm
=B pitch = 400 mm, channel = 10 mm
1200 + =8B pitch =400 mm, channel = 30 mm
. —&— pitch = 200 mm, channel = 20 mm
1000 - pitch = 800 mm, channel = 20 mm
S
s 800
S 600 -
400 -
200

1 1.5 2 2.5 3

Inlet flow velocity (m/s)
(b)

Fig. 12.  Simulation results. (a) Average flow velocity in the channels.
(b) Expected power output.

with the channel width c. It should be noticed that, with a pitch
as small as 200 mm, the turbulence will be much more dominant,
and thus, large fluctuation of 7,44 in these cases is observed in
the simulation. Those fluctuations will be transformed into the
power output fluctuation. Moreover, the additional mechanical
vibration will limit the lifetime of the energy harvester. Thus,
very small spiral pitches should be avoided. In this specific
application, a spiral flow diverter with a pitch of 400 mm and
channel width ¢ of 10 mm is desired.

In all the cases, ¥y,,4 increases linearly with the inlet flow
velocity. And the theoretical power outputs based on (5) are
calculated and shown in Fig. 12(b). Different channel width ¢
will also change the volume of the flow channel, but the spiral
flow diverter with a pitch of 400 mm and channel width ¢ of
10 mm is still the best.

Fig. 13 shows that, after using the spiral flow diverter with the
configuration determined above, the flow velocity is enhanced
by approximately 100%, which means that the final power output
will be enhanced by about three times according to the model.

C. Final Design

The final design is shown in Fig. 14. Compared with the
conceptual design in Fig. 2, a spiral flow diverter and a magnetic
concentrator are integrated into the design.

The flow development part and the tail part are made of
any material that can provide enough structural strength, as
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Fig. 13.  Flow velocity enhancement. (a) Average flow velocity before
and after the optimization. (b) Percentage increase of flow velocity.

W Spiral flow guide
Magnetic concentrator (iron)
W Magnets

Cover

(b)

Fig. 14.
parts.

Final design. (a) CAD rendering. (b) Detailed view of the three

TABLE Il
PROPERTIES OF THE MAGNETS USED

Residual Flux
Density

Coercive Force

Intrinsic Coercive
Force

Maximum
Energy Product

14.5-14.8 KGs

>11.2 KOe

>11 KOe

49.5-52 MGOe

the material will not influence the performance. For the flow
development part, the inner diameters of the flow inlet and the
flow outlet are 50.8 mm and 105.5 mm, respectively. The length
of the flow development part is 340 mm. The dark blue part is
the spiral flow guide to stimulate the vortex with a gradually
changing pitch from 1600 mm to 400 mm to capture more flow.
Even with the spiral flow guide, the center of this part is still a
5.08 cm diameter hollow for robots to travel through. The total
length of the tail part is 110 mm, with the same inner diameters
on the outlet and inlet as the flow development part.

The energy harvesting part is the middle part in Fig. 14(b).
The channel width in the design is 10 mm. The pitch of the
energy harvesting part is 400 mm. The cyan part is the magnetic
concentrator made with ductile iron with a loop width of 11 mm.
The red components are the magnets with properties listed in
Table II. The magnets on the outer side for each channel are

ale
L
s VWA

(a) (b)

Smooth-On liquid plastic

Fabricated part

Iron powder

Fig. 15.  Plastic casting of the iron parts. (a) Example of the fabrication
process. (b) Fabricated iron parts.

organized in an array of 3 x 4 with the size for each magnet of
25.4 mm x 6.35 mm x 12.7 mm. The inner layer of magnets is
almost the same except that the size of the magnets in the middle
line is 25.4 mm x 6.35 mm x 6.35 mm due to space limitation.

V. FABRICATION AND EXPERIMENTS

In this section, we will describe our methods to prototype and
test the energy harvester, together with the experimental results
and discussions.

A. Prototyping and Fabrication

In the prototyping process, the whole energy harvester is
divided into three parts, as described in Fig. 14(b). Each part
is connected with each other using screws and rubber plates
in the gap to seal the leak. fused deposition modeling (FDM)
3-D printing is largely adopted in the fabrication of plastic parts
to reduce manual effort. The 3-D printer used is Fortus 250mc
with a minimum tip size of 0.7 mm and a printing material of
acrylonitrile butadiene styrene (ABS).

The flow development part and tail part of Fig. 14(b) are firstly
printed and then coated with Flex Seal spray rubber sealant for
waterproofing on the inner surfaces.

The most complicated part is the energy harvesting module
of Fig. 14(b). Because the shape of the magnetic concentrator
is very complicated and severe dead ends occur, traditional ma-
chining fabrication methods are not efficient here. Considering
a multiaxis CNC is available, it will require significant work to
decompose the CAD model and find a way to hold the metal for
the machine to mill the spiral surface. A method, very similar to
casting, is proposed to fabricate the magnetic concentrator part.
The process of the method is illustrated in Fig. 15. First, we mix
liquid plastic and iron powder with the same properties as we
use in the magnetic simulations. And then, the mixture is poured
into the 3-D printed molds. After about 30 min, the 3-D printed
molds are removed, and we get the iron concentrator in the shape
we desire. The range of the shapes allowed using this method
is much wider than traditional machining methods. And it can
dramatically increase the production efficiency. The total time
for the material to solidify is about 30 min instead of hours when
using traditional methods. Moreover, the removed 3-D printed
parts can be reused, which means that a lot of material and
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Fig. 16. Energy harvesting part assembly. (a) Components and the

assembly process. (b) Front view of the energy harvesting part. (c) Back

view of the energy harvesting part with cables connected.

printing time can be saved. The process and the parts fabricated
are shown in Fig. 15.

After all the iron parts are fabricated, the assembly is con-
ducted. Several magnet housings are 3-D printed. N52 degree
Neodymium magnets from K.J. Magnetics are stuck to the mag-
net housings using the multipurpose super glue from Krazy Glue.
The properties of the magnets used are listed in Table II. A thin
layer of plastic film is attached to the sidewall of each channel to
prevent the conductivity between the two electrodes on the same
channel wall. And then, a layer of silver conductive paint from
MG Chemicals, working as electrodes with a curved shape, is
placed on the plastic film. Nickel and Carbon coating from MG
Chemicals are also tested on a sample ABS plate printed using
the same setup and machine. However, the carbon paint does
not stick well on the surface, and the Nickel coating introduces
a much higher inner resistance. Finally, all the components are
assembled, as shown in Fig. 16(a), and the final assembled
energy harvesting part is shown in Fig. 16(b) and (c).

After assembling all the parts together, the fabrication of the
MHD energy harvester is complete. With the similar method,
another energy harvester without the magnets and the magnetic
concentrator is also fabricated to verify that the power output
is not from measurement errors and other effects, such as water
level change, flow velocity change, or air bubble amount change.

B. Experimental Setup

After the fabrication, the MHD energy harvester is tested at
the MIT Mechatronics Research Laboratory. The experimental
setup and the MHD energy harvester fabricated are shown in
Fig. 17(a) and (b). Another energy harvester without magnets
and the magnetic concentrator is shown in Fig. 17(c).

The experimental setup of Fig. 17 is composed of a polyethy-
lene tank to hold water, a 1-hp submersible water pump to pump
water directly into the 2-inch pipe loop, a ball valve to control
the flow rate during experiments, a paddle-wheel flow meter to
measure the flow rate, and a test segment with socket unions
at the two ends to easily replace the energy harvester to test.
Moreover, the pipe loop is fully sectional, achieved by the socket
union connections, so that it can be easily adjusted for other
experiments of the smart pipe system.

®) ' ©

Fig. 17. Experimental setup. (a) Water loop for experiments. (b) MHD
energy harvester. (c) Energy harvester without magnets and the con-
centrator.

The conductivity of water is measured by an Ultrameter III 9P
from Myron L Company at a temperature of 20.7 °C and after
three times of prerinse with sample water. The conductivity of
water running directly from the tap is measured to be 0.0750 S/m,
while the conductivity of water from the experiment tank is
0.0832 S/m. The electrodes are connected to a programmable
load resistor with 1% tolerance. The voltage between the re-
sistor is measured with a Tektronix DPO 2024 digital phosphor
oscilloscope to calculate the power output. The pipe is first filled
with water and then the pump is turned ON again to produce water
flow. The voltage jump is the voltage produced by the energy
harvester and extracted by the load resistor.

C. Experimental Results

The energy harvester without magnets and concentrators is
tested first. Under any conditions, the voltage output cannot be
noticed on the oscilloscope, and the power output thus cannot
be calculated. This indicates that the following power generated
with the working MHD energy harvester is valid, not from
measurement error or other sources of potential voltage change
due to the water level change and the conductor change from air
to water.

The voltage output and the power output with an inlet flow
velocity of 1.5 and 2 m/s are shown in Fig. 18(a) and (b). The time
series of the voltage output under two optimal load resistances
are illustrated in Fig. 18(c). After the water pump is actuated,
there is an obvious jump in the voltage output. The maximum
power output with an inlet velocity of 2 m/s is 87.47 nW with an
optimal load resistance of around 550 (). The maximum power
output for cases with an inlet flow velocity of 1.5 m/sis 58.13nW
with an optimal load resistance at around 650 €.

The MHD energy harvester simplified model is verified and
validated preliminarily with initial experimental results. Fully
verifying the model with this prototype and design is difficult as
the flow velocity term within the channels in (5) is hard to mea-
sure. However, some other data can provide a preliminary model
validation. First, according to (6), the optimal load resistance
does not depend on the flow velocity, which agrees well with our
experimental results. The optimal load resistance shows a small
change for flow velocities of 1.5 and 2 m/s is 650 and 550 €2,
respectively. Second, the experimental results’ trends agree well
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Fig. 18. Experimental results. (a) Average voltage output. (b) Average

power output. (c) Time series of the voltage output at the optimal load
resistance.

with (5) and (6). It is clearly shown that the voltage output
increases with the load resistance and flow velocity. And the
power output shows a peak at the optimal resistance. However,
the trends under the two flow velocities are slightly different in
the range with load resistance greater than the optimal value. In
this range, the voltage output trend for the cases with an inlet
velocity of 1.5 m/s is much flatter than the cases with an inlet
velocity of 2 m/s. This results in that power output for the 1.5-m/s
working condition decreases much faster with load resistance.

VI. DISCUSSIONS AND FUTURE WORKS

This article is the first ever working MHD energy harvester
using water as a conductor designed for ultralow power sensor
networks.

Some other methods in the literature may have the capability
to generate more power, but they all have limitations and may not
be practical in this application. As discussed in Section I, con-
ventional turbines can generate power ranging from the milliwatt
level [35] to sufficient power around several watts [15] for small
pipe applications. This is based on the specific requirements of
the problem with careful design and tuning of the parameters.
Piezoelectricity and electromagnetic methods usually generate
power in the order of microwatt or milliwatt [16]-[18], [36]—
[40]. However, all these three methods require mechanically
moving or vibrating components, which dramatically limit the
robustness and lifetime of the device. And the latter two methods
also suffer from the off-resonant phenomenon. This means that
the power output will decay dramatically if the flow velocity
is changed, which is common for water distribution systems.
The power output for thermal electricity is dramatically limited
by the temperature difference between water and soil, which is
around 3 °C [21]. Moreover, the power output of thermal elec-
tricity highly depends on weather and location, which makes it
challenging to work continuously in this application. The power
output of solar energy harvesters highly depends on the size
of the solar cells and the environmental conditions. However,
it requires tedious placement of devices above the ground and
wiring.

Although the power output of the MHD energy harvester is
limited now, it has the following benefits:

1) Robustness and long lifetime due to no moving compo-
nents.

2) Wide working range of temperatures and flow velocities.

3) Local deployment without devices above ground.

4) Great potential for integrated power delivery in smart
pipes.

5) Allows harvested energy to power ultralow-power
Sensors.

The sensor power requirements, for different applications,
are becoming lower and lower. In 2014, Sadeghioon et al. [9]
developed a leak detection sensor that consumes only 2.2 uW.
This system uses a power management strategy that operates the
sensor node every 6 h. With more aggressive power management
systems and MEMS technology, the power requirements can
be further decreased to hundreds of nanowatts. Moreover, the
rapidly growing capability of machine intelligence can decrease
the sensor power requirement. Thus, with the advancement of
MEMS, machine learning, and power management, the power
requirement will be much lower in the future, as to be satisfied
by MHD energy harvesters.

The MHD energy harvester’s performance can be improved
dramatically in several ways as outlined in this article. The
maximum power output is proportional to the channel volume
as (5) indicates. Thus, the magnitude of the power output in real
applications can be significantly increased. It is important to note
that the prototype, presented in this article, has only a 10-cm long
energy harvesting device on a 5.08-cm pipe segment. This is due
to lab space limitations. In addition, the power can be increased
by increasing the magnetic flux density in the channels. This
can be achieved by customized magnets. Arc shaped magnets
eliminate the gaps between the block magnets and thus provide
more flux and the magnetic flux distribution will be more ideal.
The current prototype uses block magnets to approximate the
twisted arc magnets. Other potential magnetic field and flow
field enhancements can be investigated since flow velocity and
magnetic flux density both have a quadratic contribution to the
power output. For example, some other shapes of the concen-
trator or the use of metamaterials can be considered. This area
is worth careful consideration.

Another aspect of future research can be the modeling of
the MHD phenomenon to better guide the optimization process.
First, since the channels of the energy harvester are twisted to
boost the flow velocity, it makes the validation of the model
proposed in Section III difficult. The flow velocity within the
channels cannot be measured with the equipments we have in
hand. In addition, even though the magnetic flux density at one
point can be measured with a Gauss meter, the distribution of
magnetic flux density in the channel is significantly nonlin-
ear. Second, a more detailed model considering the amount of
bubble, secondary effect, and nonlinearity is still desired even
though the trend of the results agrees well with the model as
discussed in Section V.

Last but not least, this MHD energy harvester also aims to
balance the pressure drop and power output. Another MHD
energy harvester we developed earlier, which is shown in Fig. 19,
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Fig. 19.  Another high performance design. (a) Explosion view. (b) Real
prototype. (c) Rendering.

is tiny and has the ability to generate a 442-nW power output
even before integrating a magnetic concentrator [41]. Its length
is 15 cm, and the diameter of its cross section is 2 in. This
indicates the great potential of MHD energy harvesters in real
applications.

Adoption of MHD does present some challenges. The first
is the development of a pressure drop within the flow due to
the presence of the device. Harvesters extract energy from the
water flow and thus cause an additional pressure drop due to
energy conservation. Some designs may easily cause a higher
pressure drop and possibly a flow blockage making the design
impractical. Thus, the balance between power output and pres-
sure drop requires a special consideration. A second challenge
is the invasive nature of devices when installed. The modular
and sectional MHD design presented here requires cutting the
original pipe so the device can be inserted in the pipe system.
This is so since the electrodes must contact the conductor, and
the conductor’s conductivity plays a role. For new pipes, such
devices can be integrated in the pipes themselves at the factory.
Sensor nodes can also be incorporated into the energy harvester
section, and this makes their installation even easier. However,
the development of noninvasive MHD energy harvesters is worth
investigating. A third challenge is the limited power output. The
MHD model presented in this article has a relatively lower power
output when compared to other mechanisms. Thus, this MHD
design targets the ultralow-power sensors but may not be suitable
for applications with high power requirements. Such challenges
are, in general, also relevant when considering other applications
and future research and development.

VIl. CONCLUSION

A novel MHD energy harvester is developed for low-power
sensor networks. A simplified model is proposed and derived
first to understand the phenomenon and guide the design and
optimization process. It is clearly shown that magnetic flux den-
sity and flow velocity are decoupled and both have a quadratic

contribution to the power output. Thus, a carefully tuned mag-
netic concentrator and spiral flow diverter are integrated into the
design to enhance the magnetic flux density and flow velocity,
respectively.

The MHD energy harvester is prototyped and tested. The
maximum power output at an inlet flow velocity of 2 m/s is
87.47 nW at the optimal load resistance of 550 €2. With the
experimental results, the simplified MHD model is validated
and verified preliminarily. Methods to further enhance the power
output is proposed and will be investigated in the future. Last
but not least, this article demonstrates the potential of MHD as
a promising approach to power wireless sensor networks.
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