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Abstract: Ferrofluid sloshing vibration energy harvesters use ferrofluid sloshing movement as a
moving magnet between a fixed coil to induce current and, in turn, harvest energy from external
excitations. A symmetric ferrofluid sloshing vibration energy harvester configuration is introduced
in this study which utilizes four external, symmetrically placed, permanent magnets to magnetize a
ferrofluid inside a tank. An external sinusoidal excitation of amplitude 1 m/s? is imparted, and the
whole system is studied numerically using a level-set method to track the sharp interface between
ferrofluid and air. The system is studied for two significant length scales of 0.1 m and 0.05 m while
varying the four external magnets’ polarity arrangements. All of the system configuration dimensions
are parametrized with the length scale to keep the system configuration invariant with the length
scale. Finally, a frequency sweep is performed, encompassing the structure’s first modal frequency
and impedance matching to obtain the system’s energy harvesting characteristics.

Keywords: energy harvesting; ferrofluid sloshing; sloshing; level-set method; COMSOL multiphysics;
impedance matching

1. Introduction

Energy harvesting from different ambient sources of energy has become a significant
area of research. Energy harvesting entails converting ambient or unused energy into
useful electrical energy through a miniature transduction mechanism. It is used mainly in
places where large energy conversion devices, such as hydro/steam turbines, IC engines,
etc., cannot convert the available ambient energy. Energy harvesting aims to provide
a sustainable power source to stand-alone devices, such as sensors, actuators, etc., by
utilizing ambient energy and without needing to store energy [1-3]. Energy harvesting
devices have the potential to replace bulky batteries and deliver lightweight solutions
for sensing and actuation and make them essentially wireless [4-6]. It is also helpful
in increasing general energy conversion devices’ efficiency (for example, thermoelectric
devices, which are used for waste heat recovery from heat engines).

Energy harvesting usually requires a transduction mechanism to convert ambient/waste
energy into a useful electric energy form [7-9]. Figure 1 depicts the working of an energy
harvesting device schematically. The energy harvesting device captures ambient or waste
energy through an energy capturing mechanism. This captured energy is then used by
a transduction mechanism that converts it into useful energy (electric power). The most
general examples are thermoelectric devices, piezoelectric devices, ionic polymer metal
composites, etc. [1,2,10]. However, recently, energy harvesters have used a liquid state
transduction mechanism to obtain electric power through a ferrohydrodynamic vibration
energy harvester [11,12]. Fluidic transduction can be applied in energy harvesting by both
solid and liquid state transducers. For solid-state transducers, the fluid acts as the energy
source for the forcing function required to deform part of the harvester. In liquid state
transducers, the fluid acts as both the energy carrier and deformed harvester. This is shown
as a schematic in Figure 2 Solid-state transduction mechanisms use any instability created
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in the flow field to excite the transduction element at a particular frequency (usually the
natural frequency of the structure) and harvest energy via inherent electromechanical

coupling of the harvester.
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Figure 1. Schematic representation of an energy harvesting device.
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Figure 2. Classification of fluidic energy harvesting methods.

Sloshing refers to the movement of liquids inside partially filled containers under
external excitation [13,14]. It is characterized as an internal free surface flow. Sloshing has
typically been an area of interest for the shipping industry, the automobile industry, and
intergalactic rocketry [13]. Most of these applications have tried to mitigate the effects of
sloshing since, at large scales, a sloshing fluid can cause significant structural damage to the
container [15]. Therefore, most research about sloshing has been conducted to mitigate the
effects of sloshing using baffles, etc. The solid-state nature of the transduction mechanism
in most current vibration energy harvesters usually limits their capabilities, especially
in conformability to different shapes and very diverse sensitivity to broadband external
excitations. Both of these problems can be addressed if the transduction mechanism is
fluidic instead of a solid, and this has been achieved through a Ferrofluid sloshing vibration
energy harvesting system [16].



Fluids 2021, 6, 295 3 0f 36

Ferrofluids consist of stable ferrous nanoparticles in colloidal suspension, forming
nanoscale magnetic dipoles [17,18] once subjected to an external magnetic field. Each
particle is coated with a surfactant such that in the absence of an external magnetic field,
the magnetic dipoles are randomly oriented in the carrier fluid and do not coagulate due to
the fields generated by the ferromagnetic cores [17]. However, when an external magnetic
field is applied, the average direction of the fluid magnetization becomes parallel to the
magnetic field lines. This property is known as superparamagnetism and can be used in
flow manipulation applications by affecting the ferrofluid through an external magnetic
field [17-20]. One such application, which was briefly discussed above, is to use ferrofluids
for energy harvesting. Here the ferrofluid, due to superparamagnetism, becomes a magnet
when placed in an external magnetic field. Combining this with an external excitation and a
pick-up coil, the ferrofluid sloshing motion can be utilized to harvest energy. This is known
as ferrofluid sloshing vibration energy harvesting. Ferrofluid sloshing has been used
for generating power from external oscillations. Performance characteristics of one such
energy harvesting configuration were conducted, and a plethora of knowledge regarding
design rules for such a configuration was proposed [21]. Table 1 shows a list of published
Ferrofluid sloshing vibration energy harvesting configurations, which used only a liquid
state transduction mechanism consisting of a ferrofluid. The highest power output has
been around 80 mW for a 10 m/s? acceleration.

In addition, different configurations have used Ferrofluids to augment a solid-state
transduction mechanism. For instance, Ferrofluid is used as a bearing to reduce friction
between a moving solid member and a stationary shell, and power is harvested through
electromagnetic induction when external excitations are supplied to the system [22-25]. In
these systems, the ferrofluid does not participate as a transduction mechanism but aids in
the movement of solid magnetic material in a coil.

Table 1. Ferrofluid sloshing vibration energy harvesting configurations published in literature.

Reference Resonant Frequency (Hz)  Volume (cc)  Power (uW)  Power Density (WW/cc)  Acceleration (m/s?)

[11] 9Hz 4423 0.85 0.02 3
[26] 22Hz 1049 80,000 76.26 10
[27] 2.1Hz 1000 80 0.08 0.3

In this study, a unique configuration for a ferrofluid sloshing vibration energy har-
vester (VEH) is proposed, exploiting the harvester’s two symmetry planes by introducing
four symmetrically placed powerful magnets to generate sixteen unique combinations of
magnetic fields. The idea behind the symmetrical placement of magnets is that it becomes
easy to manufacture if the structures are symmetric. Moreover, the sloshing tank proposed
in this study has a rectangular elevation, with height being half that of length. The third
dimension is assumed to be equal to the length of the tank. This helps in reducing the
overall size of the system and increasing the harvested power per unit volume.

The sloshing phenomena is defined numerically by the Navier-Stokes equations, the
Maxwell equations, and the Level-set method, and is simulated using COMSOL Multi-
physics. The level-set method is utilized to capture the movement of the free surface. The
level-set method has been used to perform numerical studies on ferrofluid droplets [28-30]
and, in this work, similar formulations are adapted to depict a sharp interface between the
ferrofluid and air. For convenience and efficiency, the flow simulation is performed as a
2-D flow instead of a 3-D flow using simplifying assumptions published in the literature.
Section 2 defines the set-up of the system, and Section 3 comprehends the governing
equations used to simulate the multiphysics flow.

2. System Set-Up

Figure 3 represents the configuration with four magnets symmetrically placed at the
center planes of the harvesting tank.
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Figure 3. Schematic representation of the proposed harvester configuration.

The four magnets have length dimensions in terms of the significant length scale (i.e.,
the tank’s length). The magnets’ thickness is a tenth of the length of the tank, and their
width is a fifth of the tank. Such a formulation helps in scaling the system with the actual
length of the configuration. The magnets are placed at a distance of L/4 from their adjacent
tank wall. The height of the tank (H) is half of its length, and the fill level of the ferrofluid
in the tank is h. The magnets are labeled from 1 through 4.

For convergence of the magnetic field, a large domain is created around the harvester.
This is shown in Figure 4, where the domain is ten times larger than the harvester’s length
scale. The harvester receives an external excitation, which is periodic and causes the
ferrofluid to slosh inside.
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Figure 4. Harvester and the large domain surrounding it.
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3. Governing Equations

The flow inside the domain is governed by Navier-Stokes equations and Maxwell’s
equations. The Navier-Stokes equations are as follows

Continuity:
pvﬁ =0 (1)
Momentum:
5
p%\t]+p<\7v>\7:Vp+uv23+F;+p§+1§t 2

— —
where, V is the velocity vector, Fyy, is the magnetic force, g is the external acceleration on
the system, which consists of the external excitation and the acceleration due to gravity,

%
and Fg; is the force of the surface tension.
Here the external excitation is given as:

x = XpSin(wt) (©)]

where Xy is the amplitude of external excitation and w the angular frequency related to
the excitation frequency f as, 27f. In this study, f is varied such that the set of frequencies
contain the first modal frequency. This makes the acceleration:

x = XoSin(wt) 4)

Since the flow is a separated two-phase flow, with an interface separating the two, the
properties of the fluids will vary sharply across the interface. This needs to be accounted
for using an interface tracking method, which will keep the boundary between the fluids
intact and allow the interface to advect with changing flow field. This requires a separate
computation step and a separate mathematical treatment/modeling of the moving interface.
Several methods are very effective in performing interface tracking computationally such as
the volume of fluid method, the Level-set method, the phase-field method, etc. [31]. These
methods usually work based on conservation of some physical or attributed numerical
quantity, usually the mass or the area under the surface, the gradient of the distance
function, etc., to characterize the free surface. This then is used to derive a partial differential
equation form of the conserved quantity and is solved with the N-S equations to yield the
moving interface profile. One such method mentioned above is the level-set method [32].
The interface is defined as a signed distance function in the level set method and is tracked
as a higher dimensional field applied to the flow field, which in turn defines how the flow
moves [33-35]. However, the level set method proposed initially [34] did not conserve mass
or the area correctly, especially in fluid dynamics problems. This prompted further research
into conservative level set methods that conserve the mass exactly. One such method
is used in this work where the mass is conserved exactly, and the surface is expressed
as a constant level set [36,37]. Although level set methods are inherently well suited
for representing complex topologies, they become even more effective in tracking sharp
interfaces with a conservative level-set formulation [38-40]. The mathematical formulation
of this sharp interface, the conservative level-set method, is shown below.

Level-set equations for interface tracking:

ob = Vo

—+V-Vd=vyV: Vo —-—od(1-—0¢)=— 5
where ¢ is the level set variable, v is the re-initialization parameter and €| is the parameter
which controls the thickness of the fluid-air interface. In this work, the value of the re-
initialization parameter is set to Xow, which is the characteristic velocity scale for the
sloshing setup. The separating surface is given by ¢ = ¢y = 0.5, i.e., a set of all surfaces
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where the level set function ¢ = 0.5. This means that the first fluid is from ¢ = 0 to ¢ = 0.5
and the second fluid from ¢ = 0.5to ¢ = 1. This level-set variable creates a higher
dimensional field over the flow field and describes all the properties of the two fluids in
its terms to represent the separation between the two fluids as a sharp interface. All fluid
properties must be represented in terms of the level set variable to fully couple the flow
field with the level-set field. Similarly, all interfacial forces must be expressed in terms of
the level-set variable.
The surface tension force is expressed in terms of the level-set variable as follows:

—

Fst = omdkn; + 6 Vsom (6)

where, o, is the surface tension coefficient, 6 is a Dirac delta function located at the
interface,  is the curvature of the surface, n; is the normal vector of the liquid-gas interface,
and Vi is the surface gradient operator.

The interface normal is given by:

m = o 7)
The Dirac delta function is given by:
8 =6[Vd||d(1-0d)| ®)
The curvature of the surface is given by:
kK=—-Vny )
The surface gradient operator is given by:
Vs = (I - nin;r> (10)

Additionally, the angle that the fluid makes with the wall while wetting is assumed to
be 90°. This is a standard assumption for solving sloshing flows [27,41].

For the fluid domain inside the tank, the properties must be expressed in terms of the
level set variable. Density is given as:

p=p1+(p2—p1)d (11)

Viscosity is given as:
R=p+ (k2 — ) (12)
The indices 1 and 2 denote fluid 1 and fluid 2, which is the ferrofluid and air, respec-

tively. Similarly, to calculate the Kelvin body force, the magnetic properties of the fluids
must be expressed in terms of the level set variable:

Fn =M-VH (13)

— —
where, H is the magnetic field, and the magnetization M is given by the constitutive relation:

— —

M = x, H (14)

where, X, is the magnetic susceptibility and is obtained from the level set function for the
whole domain as:

Xm = Xm1 t+ (XmZ - Xml)d) (15)
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Maxwell’s conservation laws for the system are [17]:
%
V-B=0 (16)
%
VxH=0 17)
B
%
E=—— 1
V x 5 (18)
The magnetic field can also be written as:
—
H=-VVpn (19)

where, Vi, is the magnetic scalar potential.

The boundary conditions for the domain are the no flux boundary condition for the
ends of the domain surrounding the harvester. The magnets are such that they have a
uniform magnetization of 400 kA/m. The following are the constitutive relations for
different regions:

—

— — — - =
B = poH(for air) ; B = py (H + Ms) (for the magnets) &B
%
= (1 4 Xm)H for sloshing

The electromotive force from sloshing is picked up by an external coil with N turns
(which are varied to optimize power harvested). The electromotive force is given as:

do

€= —Na (20)
where @ is the magnetic flux, obtained by integrating the magnetic flux density over the
area. The electromotive force due to the changing magnetic field inside the harvester is
picked up by an external coil, which can be wound either along the harvester’s length
and gets pitched in the y-direction, or it can be wound along the height of the tank while
pitched along the x-direction. Equation (21) represents the expression of inductance of one
such rectangle, where 1, is the relative permeability of the material enclosed in the coil.

Lrect = N2 £G5 {—Z(W +H) +2VH + W2 — H1n<H+\/VW
(21)
_w1n<W+\/IW) + H1n<2§1) + w1n(2gv)]
2

2
The current in the wound coil can be found by the series L-R circuit equation:

LC% +i(Rp +Re) =V (22)
where Ry, is the load resistance and Rc the coil resistance, through which the power output
of the harvester is measured, L. = L;ect is the inductance of the wound coil, and V is
the electromotive force obtained from sloshing. Finally, it is assumed that if a coil is
wound along the length (i.e., horizontally wound), the number of turns would be half
that of when it is wound along the height (i.e., vertically wound coil). Figure 5 shows
the 3-D arrangement of the tank with a horizontally wound coil and Figure 6 shows the
arrangement of the tank in 3-D for a vertically wound coil. The four magnets are also
shown in the figures, with the depth dimension being equal to that of the height.
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Figure 5. Arrangement of tank with horizontally wound coil.

Figure 6. Arrangement of tank with vertically wound coil.

For vertical winding (along with the height), the magnetic flux’s x component would
be used. For horizontal winding (along with the length), the y component of the magnetic
flux would be used to calculate the electromotive force. This is formulated in Equation (23).

do
€vertical = _I\Tverticald_tX and €porizontal (23)

— y
- _Nhorizontal e
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4. Numerical Modeling and Validation

In this section, the numerical modeling details are discussed. The combined Navier-
Stokes, level-set, and Maxwell’s equations are solved in COMSOL Multiphysics using its
inbuilt multiphysics capacity. COMSOL is a finite element-based software, which solves
partial differential equations using the weak form and shape functions. For computational
fluid dynamics applications, especially where Navier-Stokes equations are involved, finite
element-based codes need to account for stability errors in the crosswind and streamline
direction due to numerical dispersion. This is especially significant when the same or-
der of elements resolves velocity and pressure fields. These stabilizations are inbuilt in
COMSOL and are based on Streamline upwinding methods for both pressure and velocity
fields [42,43]. Further, as the problem is unsteady, the solution must be marched in time to
obtain the system’s state at each time of interest during the simulation. For this, an implicit
adaptive time-stepping scheme is used.

The solution is advanced by solving segregated steps at each time step when the
tolerance level (which is set to be 1 x 107%) is reached. This convergence criterion is for
both solution and the residual. The following segregated steps of dependent variables are
solved in the following order:

(a) Level set variable
(b)  Velocity and pressure
(c) Magnetic scalar potential.

To simplify and streamline the computations, the first-order discretization is used for
the pressure and velocity fields. Similarly, for the level-set, variable linear elements are
used. For the magnetic scalar potential, the element order is maintained at two everywhere
in the domain.

Grid convergence studies and adaptive time step control studies were performed
on two magnet configurations. It was found that the mesh inside the sloshing domain is
both accurate and efficient for a grid size of 0.001 and for a maximum time step value of
2 milliseconds.

To validate COMSOL and the level set method used in the computations, a compara-
tive study was run replicating the published experimental and computational results by
Liu et al. [44]. The combination 1H is simulated, and the results are compared in Figure 7.
The numerical scheme predictions adopted in the present work match very closely to the
reported computational and experimental data in [44] as shown in Figure 7a,b, respec-
tively. The peak voltage near the resonance frequency almost matches perfectly with the
experimental data. However, since the spectrum of frequencies in the frequency sweep
performed in the present work is not as closely spaced as reported by Liu et al., the internal
energy pump, which occurs at around 1.5 Hz, is not as prominent in our simulation of their
configuration as shown in Figure 7b.

Based on this validation, it is inferred that the level-set formulation and the chosen
solvers can simulate the complexities involved in this flow. To advance the work on fer-
rofluid VEH, a new tank design is proposed in this work, as mentioned in previous sections.
This configuration is then subjected to a frequency sweep, with various combinations
between the four fixed magnets. The north and south poles of one or more magnets are
flipped to generate a new magnetic field distribution. Table 2 lists all of the 16 cases which
may arise with different combinations of North and South pole orientations of the magnets.
The table lists South/North labels for the magnets, depicting which pole of the magnet
faces the tank.

Two tanks are studied, one where L is 10 cm and the other where L is 5 cm. The fill
level is a fraction of the length scale and is set to be L/5. For the two tanks, the frequency
sweep is performed to capture the tank’s first resonance frequency within the sweep.

Finally, to maintain energy application parity across tank sizes and frequencies, the
external acceleration (a) is kept as constant, at 1 m/ s2.

ie,a=Xow?2=1
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Hence when the frequency changes, the amplitude is adjusted to keep the accelera-
tion constant.

To provide additional validation, a video (Video S1) illustrating the surface movement
of the ferrofluid from the 2-D simulation for case 10 and frequency 2.05 Hz for the large
tank is provided in the supplementary materials. To compare this 2-D simulation with
a 3-D full-scale simulation, a 3-D simulation of the whole tank was performed, with the
arrangement shown in Figures 5 and 6. To compare this simulation with the 2-D simulation,
a mid-plane video (Video S2) is taken from the 3-D simula-tion. The surface evolution of
the ferrofluid in these two videos, over 4 time periods, is very similar. Hence, it is safe to
assume that the 2-D simulation is a very good ap-proximation of the actual 3-D simulation.

(a) (b)
RMS Voltage from sloshing Horizontal Winding
0.035} 0.035 . : ‘ ; : . ‘
'

g 0.03 0.03
w
ﬂé 0.025} 0.025
8 -
o 0.02r %
= S 0.02
s} 8
£ 0.015 S
= 0.015
3 001}
w < -

—4—Experimental result b 0.01

0.005} 1 : )
=o—FEA result h S
0 ‘ : 0.005 : ‘ : ‘ s ‘
1.5 2 2.5 12 14 18 2 22 24 26
Frequency o/2r (Hz)

Figure 7. Comparison between (a) 1H configuration of Liu [44] and (b) present work.

Table 2. Cases for Magnet orientation.

frequency [Hz]

Case Magnet 1 Magnet 2 Magnet 3 Magnet 4
1 South (k1 =—1) North (k2 = —1) South (k3 = —1) North (k4 = —1)
2 South (k1 = —1) North (k2 = —1) South (k3 = —1) South (k4 =1)
3 South (k1 = —1) North (k2 = —1) North (k3 =1) North (k4 = —1)
4 South (k1 =—1) North (k2 = —1) North (k3 =1) South (k4 =1)
5 South (k1 = —1) South (k2 =1) South (k3 = —1) North (k4 = —1)
6 South (k1 = —1) South (k2 =1) South (k3 = —1) South (k4 =1)
7 South (k1 =—1) South (k2 =1) North (k3 =1) North (k4 = —1)
8 South (k1 = —1) South (k2 =1) North (k3 =1) South (k4 = 1)
9 North (k1 =1) North (k2 = —1) South (k3 = —1) North (k4 = —1)
10 North (k1 =1) North (k2 = —1) South (k3 = —1) South (k4 =1)
11 North (k1 =1) North (k2 = —1) North (k3 =1) North (k4 = —1)
12 North (k1 =1) North (k2 = —1) North (k3 =1) South (k4 =1)
13 North (k1 =1) South (k2 =1) South (k3 = —1) North (k4 = —1)
14 North (k1 =1) South (k2 =1) South (k3 = —1) South (k4 = 1)
15 North (k1 =1) South (k2 =1) North (k3 =1) North (k4 = —1)
16 North (k1 =1) South (k2 =1) North (k3 =1) South (k4 =1)

Finally, the properties used for this study are of ferrofluid EFH3 manufactured by
Ferrotec corporation [45] and are listed in Table 3.
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Table 3. Ferrofluid property data.

Property Value
Viscosity 12 [mPa-s]
Density 1420 [kg/m?3]
Magnetic susceptibility 3.52
Saturation magnetization 65 [mT]

5. Results and Discussion

In this section, simulation results and the performance of the two energy harvesters are
discussed. An impedance matching scheme was followed to extract results for the highest
extractable power from all these simulation runs for both tanks. Here, the external electrical
circuit is considered a series R-L circuit, and the equations for this are formulated in the
previous section. To determine the optimal impedance for the system, many pick-up coils
were selected, and those pick-up coils were assumed to be connected to a load resistor, the
resistance of which is varied from 1 ohm to 10° ohms to generate an impedance matching
plot. This was performed for all the frequencies and both the tanks.

For example, Figures 8 and 9 show impedance matching plots for the L = 10 cm tank
for the magnet orientation case 7 for frequency of 2.05 Hz using horizontal and vertical
pick-up coils of 1000 turns. For the horizontal coil, the optimal load resistor was found to
be 1035 ohms, and for the vertical coil 1027> ohms. Appendix B shows the time evolution
of voltage, current, and external acceleration for this 2.05 Hz case.

%102 Impedance Matching for f = 2.05Hz for Nturns = 1000

—&— Horizontal Coil

1.6 7

1.8

121 B

Power

0.4 B

0.2 h

0 . ‘ ‘ .
10° 10" 102 10° 10* 10° 108
Resistance [Ohm]

Figure 8. Impedance matching for horizontal coil of 1000 turns on L = 10 cm tank for frequency = 2.05 Hz.

The following two subsections present simulation runs, and impedance matching
results for the two tanks studied in this work.

5.1. Analysis of Output from L = 10 cm Tank

Figure 10 shows how the ferrofluid moves inside the tank near the resonance frequency
for the magnet combination case 1. The rest of the 15 cases are displayed in Appendix A.

The arrows in the above plot depict the magnetic flux lines. The flux lines in a magnet
originate from the North Pole and terminate into the South Pole. In the above plot, magnet
1’s South Pole faces the harvester, while magnet 2’s north, magnet 3's south, and magnet
4’s north, face the harvester. Now, for each of these 16 cases of magnet arrangement, a
frequency sweep is performed. Each frequency sweep produces a voltage signal from
the harvester. This is then transformed into RMS voltage to quantify the performance
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characteristics of the harvester. Now to study the maximum performance that the harvester
is capable of, nine coils are modeled with different numbers of turns.

Impedance Matching for f = 2.05Hz for Nturns = 1000

2.5
—#—Vertical Coil
2 |- -
150 1
j
]
H
[+]
o
a L |
0.5+ -
0 ‘ ‘ . .
10° 10" 102 10° 10* 10° 108

Resistance [Ohm]

Figure 9. Impedance matching for Vertical coil of 1000 turns on L = 10 cm tank for frequency = 2.05 Hz.

Lcell=0.002, h0=0.02, k1=-1, k2=-1, k3=-1, kd4=-1, f0=2.1 Time=1 s Level set variable (1) Magnetic flux density

L =T T T T T T T T T T T 3
S

0.06 -

0.05F -
N

0.04 =3

0.03 | v

0.02 - -

0.01F -

0+ N S N S -]

-0.01 -

-0.02 - —
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S

-0.05 |- I:———j -

-0.06 |- —
N

0.07 ] 1 ] 1 ] 1 1 ] 1 ] L
-0.1 -0.08 -0.06 -0.04 -0.02 0 0.02 0.04 0.06 0.08 0.1 m

Figure 10. Surface evolution and magnetic flux density arrow surface for case 1, near resonance frequency for L = 10 cm tank.

Additionally, the power harvested from the harvester cannot be the power that goes
directly to the pick-up coil. A load resistor is attached to the circuit, and the power through
the load resistance is calculated to measure the harvester’s performance. This forms a series
L-R circuit, and Equations (20)—(22) are used to model this circuit. Secondly, to check the
maximum power output in the load resistor for the same temporal variation in magnetic
flux density, 25 load resistors are modeled. These resistors, combined with the nine coils,
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are used to estimate peak voltage (RMS) and peak power output (RMS). These two outputs
are not necessarily linked to each other, as the peak power may or may not correspond
to the peak voltage reported. This is performed to analyze the voltage and power output
potential from the two tanks separately. Of course, the ultimate performance can only be
analyzed through the power output from the system. However, that is also a function of
the circuit one builds to harvest the system’s energy. In our case, it is a series L-R circuit
represented by Equation (22). The calculation of the coil resistance is based on the number
of turns the pickup coil has. The coil material is chosen to be copper. Table 4 summarizes
the properties of the pick-up coils modeled for L = 10 cm tank.

The coil properties are calculated by assuming that the tank depth is 10 cm and both
the coils envelop the length along the winding direction completely. This gives the coil
diameter for the horizontal coil as % and for the vertical coil as %, where H is the height of
the tank and L is the length of the tank. The tank depth is maintained to be equal to the
tank’s largest dimension to discount 3-D effects on the 2-D simulation performed in this
study. To calculate the coil’s inductance from Equation (21), the relative permeability is
calculated by taking a weighted average of the ferrofluid and air’s relative permeabilities.
This comes out to be 2, considering air as 1 and ferrofluid as 4.52 (1 + Xy,). Finally, to check
the power output performance of each coil 25 load resistors (Ry,) are used, which is usually
known as impedance matching. The load resistances are varied from 1 to 10° ohms, with
an increment of 10°2° ohms. This covers the total range of coil resistances shown in Table 4.

Table 4. Summary of properties of coils for L = 10 cm tank.

Coil Number Number of Resistance of Resistance of Inductance of Inductance of
Turns Horizontal Coil (ohm) Vertical Coil (ohm) Horizontal Coil (H)  Vertical Coil (H)
1 100 3.422 0.64 0.0083 0.0050
2 200 27.38 5.13 0.038 0.023
3 400 219.04 41.07 0.17 0.10
4 500 427.81 80.21 0.27 0.17
5 800 1752.30 328.55 0.75 0.47
6 1000 3422.47 641.71 1.20 0.77
7 1200 5914.02 1108.88 1.77 1.14
8 1500 11,550.83 2165.78 2.85 1.84
9 2000 27,379.74 5133.70 5.25 3.42

Figure 11 shows the performance measured by max RMS voltage output when a
horizontally wound coil is used for voltage pickup from the tank. These plots are for all
the 16 magnet configurations, and almost all the cases have low voltages and have almost
the same range. The max voltage noted is around 0.03 V, and it is from magnet case 6 and
magnet case 11; both seem identical. It must be noted that the cases seem to be symmetric
in their behavior, hence making a pair of eight cases, which must be valid for an oscillatory
motion. The RMS voltages are calculated after the first two time periods have elapsed. At
this point, it is assumed that the system has equilibrated from the initial jerk, which propels
the system in an oscillatory motion. The simulations were run for five time periods, and
hence the RMS quantities used are from the last three time periods.

For, vertical winding the RMS voltages are shown in Figure 12. They are an order
of magnitude higher than the horizontal ones. Cases 7 and 10 achieved the highest RMS
voltage output of around 0.15 V. Upon close observation, cases 7 and 10 look very similar
to each other solely from the magnets’ placement point of view. This is similar to what was
observed for max RMS voltages for the horizontal coil. This can be attributed to symmetric
magnet placement in cases 7 & 10 and all the other pairs of cases. The symmetric magnet
placement gives rise to magnetic field profiles inside the tank, which are mirror images of
each other, which can be deduced from the direction of the magnetic flux lines for these
two cases. Secondly, it is observed that there is a secondary peak near 1.5 Hz for both
the horizontal and vertical windings. This is due to the internal coupling between modes,
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generating a non-linear internal energy pump [26,27]. The peak is smeared off since the
frequencies in our sweep are equidistant from each other.
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Figure 11. RMS voltage plots for Cases 1-16 while considering horizontally wound coil for L = 10 cm tank.

The RMS current is calculated by solving for instantaneous current from Equation (22)
for all of the 9 coils and 25 load resistors to determine the power through the load resistor.
Then, the RMS value of this current is taken, and power through the load resistance is
calculated using I%,,s x Ry, using the value of RMS current pertaining to that particular load
resistor and that particular coil. The maxima of the power output for the above 225 cases
(i.e., 9 coils and 25 load resistors) is taken for each of the 16 cases of magnet arrangements
and all of the 27 frequencies. Figure 13 shows the maximum power through the horizontal
winding for all 16 cases, and all of the 27 frequencies are plotted. The maximum power

obtained is 0.15 micro-watts (UW) or 0.015 (%) for case 6 and case 11. Here too the

symmetry observed for the max voltages is evident. The maximum power value is obtained
for a frequency of 2.3 Hz, which points towards shifting the peak from the first modal
frequency of 2.0865 Hz. This can be attributed to the magnetic body force exerted on
the fluid in the y-direction. Since the magnetic field in the y-direction is considered for
electromotive force through the horizontal winding, the shift in the occurrence of the peak
power output from the modal frequency is very evident. Hence, the frequency for peak
power shifts to the right of the modal frequency for the horizontal winding.

For the vertical coil, the max RMS power for all of the 27 frequencies and 16 magnet

cases is plotted in Figure 14. The maximum power is obtained at 2.05 Hz for case 7 and is
w

almost near to 20 micro-watts (uUW) or 2 ( :

), which is two orders of magnitude higher
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Max RMS Voltage for vertical coil

than that from the horizontal coils. It must be noted that the frequency where the max
power output is observed is almost near to the modal frequency of 2.0865 Hz. The shift in
the peak occurs towards the left from the modal frequency and is very small compared
to that in the horizontal winding case. This can be attributed to the fact that the vertical
coil’s output voltage is a function of the magnetic field in the x-direction. The range of
the max power extracted using different magnet configurations is very high. The max
power out is as low as 0.5 (uW) to the peak of 20 (uW). This indicates that placing magnets
around the tank in a certain way facilitates the power output. It must be restated that the
magnets’ position relative to the tank does not change; only the polarity changes. With
that change, almost two orders of magnitude of difference are observed in the max power
harvested from the device’s vertical winding. This is also true for the horizontal winding
case, but the gap between the lowest and highest max powers extracted is not as high as in
the case of vertical winding. This provided additional design rules to harness this work
into enhancing designs for ferrofluid sloshing vibration energy harvesting systems.

Max RMS Voltage for vertical coil
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Figure 12. RMS voltage plots for Cases 1-16 while considering vertically wound coil for L = 10 cm tank.

5.2. Analysis of Output from L = 5 cm Tank

In this subsection, the tank, which is half the previously discussed tank’s length, is
studied. For this tank, the frequencies are varied from 2.2 Hz to 3.5 Hz, which passes
through the first modal frequency of 2.96 Hz. The 16 cases of magnet configuration as
mentioned in orientation remain the same. Since the length scale L parametrizes all the
system dimensions, the whole system’s length becomes half of what it was for the tank
studied earlier. This way, the present system becomes identical to the last tank but with
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a change in the significant length scale. Figure 15 illustrates the surface evolution of the
ferrofluid for case 1, for frequency nearest to the resonant frequency. For case 1, the north
face of magnet 2 and 4 face the tank while the south face of magnet 1 and 3 face the tank.
The plots for the other 15 cases are placed in Appendix A.
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Figure 13. Maximum power output from the horizontal coil for L = 10 cm tank.

Now, for each of these 16 cases of magnet arrangement, a frequency sweep is per-
formed. Each frequency sweep produces a voltage signal from the harvester. This is then
transformed into RMS voltage to quantify the performance characteristics of the harvester.
Now to study the maximum performance that the harvester is capable of, nine coils are
modeled with a different number of turns. Also, the power harvested from the harvester
cannot be the power that goes directly to the pick-up coil. A load resistor is attached to the
circuit, and the power through the load resistance is calculated to measure the harvester’s
performance. This forms a series L-R circuit, and Equations (20)—(22) are used to model
this circuit. Secondly, to check the maximum power output in the load resistor for the
same temporal variation in magnetic flux density, 25 load resistors are modeled. These
resistors combined with nine coils are used to estimate peak voltage (RMS) and peak power
output (RMS). These two outputs are not necessarily linked to each other, as in, the peak
power may or may not correspond to the peak voltage reported. This is done to analyze the
voltage and power output potential from the two tanks separately. Of course, the ultimate
performance can only be analyzed through the system’s power output; however, that is
also a function of the kind of circuit one builds to harvest the energy from the system. In
our case, it is a series L-R circuit represented by Equation (22).
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Figure 14. Maximum power output from the vertical coil for L = 10 cm tank.

The calculation of the coil resistance is based on the number of turns the pickup coil
has. The coil material is chosen to be Copper. Table 5 summarizes the properties of the
pick-up coils modeled for L = 5 cm tank. Since the tank’s dimension is halved, the resistance
values and the nine coils” inductance values will also change. The only constants here are
the number of turns in the coils and the properties of the magnets used. The coil properties
are calculated by assuming that the tank depth is 5 cm, i.e., equal to the length (same as
for L = 10 cm tank), and both the coils (Horizontal and Vertical) envelop the length along
the winding direction completely. This gives the coil diameter for the horizontal coil as
% and for the vertical coil as %, where H is the height of the tank and L is the length of
the tank. To calculate the coil’s inductance from Equation (21), the relative permeability is
calculated by taking a weighted average of ferrofluid and air’s relative permeabilities. This
comes out to be 2, considering air as 1 and ferrofluid as 4.52 (1 + X,). Finally, to check the
power output performance of each coil 25 load resistors (Ry) are used, which is usually
known as impedance matching. The load resistances are varied from 1 to 10° ohms, with
an increment of 10°2 ohms.

Figure 16 the performance measured by max RMS voltage output is displayed when a
horizontally wound coil is used for voltage pickup from the tank. These plots are for all
the 16 magnet configurations, and almost all the cases have low voltages and have almost
the same range. The max voltage noted is around 0.008 V, and it is from magnet case 6 and
magnet case 11, like in the case of L = 10 cm tank. However, the harvested voltage is an
order of magnitude smaller as compared to the last tank. It must be noted that the cases
seem to be symmetric in their behavior, hence making a pair of eight cases, as was observed
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in the previous tank. The RMS voltages are calculated after the first two time periods have
elapsed, at which point it is assumed that the system has equilibrated from the initial jerk,
which propels the system in an oscillatory motion. The simulations were run for five time
periods, and hence the RMS quantities used are from the last three time periods.
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Figure 15. Surface evolution and magnetic flux density arrow surface for case 1, near resonance frequency for L = 5 cm tank.

Table 5. Summary of properties of coils for L = 5 cm tank.

Coil Number Number of Resistance of Resistance of Inductance of Inductance of
Turns Horizontal Coil (ohm) Vertical Coil (ohm) Horizontal Coil (H)  Vertical Coil (H)
1 100 6.84 1.28 0.0042 0.0025
2 200 54.76 10.27 0.019 0.012
3 400 438.07 82.14 0.084 0.053
4 500 855.62 160.43 0.13 0.086
5 800 3504.61 657.11 0.37 0.24
6 1000 6844.93 1283.43 0.60 0.39
7 1200 11828.05 2217.76 0.89 0.57
8 1500 23101.66 4331.56 1.43 0.92
9 2000 54759.48 10267.40 2.63 1.71

For, vertical winding the RMS voltages are shown in Figure 17. They are an order
of magnitude higher than the max RMS voltage for horizontal coil, as was observed for
L =10 cm tank. Cases 7 and 10 achieved the highest RMS voltage output of around 0.038 V.
The symmetric magnet placement in cases 7 and 10 causes the max RMS voltage observed
to be identical. As mentioned in the previous sub-section, the symmetric magnet placement
gives rise to magnetic field profiles inside the tank, which are mirror images of each other,
which can be deduced from the direction of the magnetic flux lines for these two cases.
Similarly, this applies to the other 14 configurations. It can be observed from the voltages
and power plots that eight pairs of cases show identical behavior. This would be true for
any such system subjected to oscillatory external excitation.
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Figure 16. RMS voltage plots for Cases 1-16 while considering horizontally wound coil for L = 5 cm tank.
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Secondly, it is observed that there is a secondary peak that was observed for the
L =10 cm tank near 1.5 Hz for both the horizontal and vertical windings, which does not
seem to appear for the L = 5 cm tank. This might be due to the inexistence of any non-linear
coupling between the sloshing modes of the system, perhaps due to the reduction in size
and the increase in the modal frequency from 2 Hz (for L = 10 cm tank) to 3 Hz (for
L =5 cm tank).

The RMS current is calculated by solving for instantaneous current from Equation (22)
for all the 9 coils and 25 load resistors to determine the power through the load resistor.
Then the RMS value of this current is taken, and power through the load resistance is
calculated using I%,,; x Ry, using the value of RMS current pertaining to that particular
load resistor and that particular coil. Then the maxima of the power output for the above
225 cases (i.e., 9 coils and 25 load resistors) is taken for each of the 16 magnet arrangements
and all the 27 frequencies. Figure 18 shows the maximum power through the horizontal
winding for all 16 cases, and all of the 27 frequencies are plotted.

«10% Max power output for horizontal coils

6
—®—case 1
5 —8—case 2
case 3
—O—case 4
—4
S
g
]
2
Q
o

2.2 2.4 2.6 2.8 3 3.2 3.4
frequency [Hz]

%102 Max power output for horizontal coils

6
—8—case 9
5 —&—case 10
case 11
—€—case 12

'S

Power (W)
w

2.2 24 2.6 2.8 3 3.2 34
frequency [Hz]

6 %10 Max power output for horizontal coils

—®—case 5
—8—case 6
case 7

—©—case 8

IS

Power (W)
w

2.2 24 2.6 2.8 3 3.2 3.4
frequency [Hz]

<10 Max power output for horizontal coils

6
—&—case 13
5 —&—case 14
case 15
—8—case 16
=4
ES
=
17
2
Q
o
0
2.2 2.4 26 238 3 3.2 34

frequency [Hz]

Figure 18. Maximum power output from horizontal winding for L = 5 cm tank.

The maximum power obtained is 0.005 micro-watts (uW) or 0.5 (%) for case 6 and

case 11. Here too, the symmetry observed for the max voltages is evident. The maximum
power value is obtained for a frequency of 2.5 Hz, pointing towards shifting the peak from
the first modal frequency of 2.96 Hz. This again can be attributed to the magnetic body
force exerted on the fluid in the y-direction. Here, the frequency for peak power shifts to
the left of the modal frequency for the horizontal winding, unlike the L = 10 cm tank case
where the frequency shifted towards the right.



Fluids 2021, 6, 295

21 of 36

Power (W)

Power (W)

e
o

For the vertical coil, the max RMS power for all the 27 frequencies and 16 magnet
cases is plotted in Figure 19. The maximum power is obtained at 2.8 Hz for case 7 (and

case 10) and is almost near to 0.7 micro-watts (uW) or 70 % , which is two orders of

magnitude higher than that from the horizontal coils. It must be noted that the frequency
where the max power output is observed is nearer to the modal frequency of 2.95 Hz than
the horizontal coils. The shift in the peak occurs towards the left from the modal frequency
and is very small compared to that in the horizontal winding case. This can be attributed
to the fact that the vertical coil’s output voltage is a function of the magnetic field in the
x-direction. The range of the max power extracted using different magnet configurations is
very high for the vertical winding, as was observed for L = 10 cm case. With that change,
almost two orders of magnitude of difference are observed in the max power harvested
from the device’s vertical winding. This can also be attributed to the fact that the system’s
excitation is in the x-direction. This, coupled with the gravity in the y-direction, makes
the harvesting of energy from changes in the magnetic field in the y-direction unattractive.
This also makes the power harvested from horizontal windings from all of the 16 cases
of magnet arrangements to have a minor variance. This can be useful while designing

systems with both x and y excitations or perhaps angular excitation or combining all of
the three.
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Figure 19. Maximum power output from Vertical winding for L = 5 cm tank.

6. Conclusions

A completely new design for a ferrofluid sloshing vibration energy harvester is in-
troduced in this work. The design is inherently symmetric since its purpose is to exploit

frequency [Hz]
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symmetry that can be easy to manufacture. Two tanks, one of length 10 cm and one of
length 5 cm, are observed by providing a constant external acceleration of 1 m/ s2. The
tanks are then subjected to a frequency sweep for 16 different combinations of the four
magnets by changing their polarity.

The most important results observed are as follows:

(@) The maximum RMS voltages harvested reached almost 0.15 V
(b) The maximum power after impedance matching was obtained from 10 cm tank, which

is around a value of 20 uW or 2 (%) .

(c) Fora5cm tank, the highest power output was 0.7 pW, which is higher than what was
obtained from the horizontal winding for L = 10 cm tank.

These observations will have a significant impact on the future design of Ferrofluid
sloshing VEH’s. Usually, sloshing motion decreases with the decrease in the significant
length scale. At low scales, the flow converts into a capillary flow. Hence, miniaturizing
these sloshing energy harvesting systems after a particular extent would involve huge
trade-offs. However, from the third observation, it can be concluded that miniaturization
can still lead to good performance if conducted within limits and if the magnets are oriented
optimally, to yield the highest result. Finally, these observations pave the way for future
research into miniaturizing the systems. Perhaps a regime like the ‘high-frequency, low
amplitude’ might be suitable for harvesting energy from miniaturized Ferrofluid VEH’s.
Finally, it is also to be noted that for maintaining the viability of the 2-D simulation as an
exact representation of a 3-D tank, the depth of the tank was assumed to be equal to the
longest edge of the tank. This increased the wire’s length in winding around the tank as a
coil and reduced the harvested power. The power harvested can be increased significantly
when the coil is optimized or when a different ‘pick-up’ mechanism is used, which is more
efficient than an inductive circuit. Hence, optimizing such systems’ electrical conditioning
efficiency would be necessary for future studies to arrive at the most optimal designs for
these harvesters.
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Appendix A. Surface Evolution for L =10 cm and L = 5 cm Tank

Lcell=0.002, h0=0.02, k1=-1, k2=-1, k3=-1, k4=1, f0=2.1 Time=1s Level set variable (1) Magnetic flux density
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Lcell=0.002, h0=0.02, k1=-1, k2=1, k3=-1, kd=-1, f0=2.1 Time=1s Level set variable (1) Magnetic flux density
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Lcell=0.002, h0=0.02, k1=-1, k2=1, k3=1, k4=1, f0=2.1 Time=1 s Level set variable (1) Magnetic flux density
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Lcell=0.002, h0=0.02, k1=1, k2=-1, k3=1, k4=-1, f0=2.1 Time=1 s Level set variable (1) Magnetic flux density

m FT T T T T

0.06

0.05

0.04

0.03

T T T T T T

]

N

0.02-

o
T
©

[

001

-0.02 -

-0.03

005

-0.06 -

N

0071 1 1 1 L
-0.1 -0.08 -0.06 -0.04 -0.02

Figure A10. Case 11.

|
N | I 3
L]
N
s
1 1 1 L 1 L
0 0.02 0.04 0.06 0.08 0.1

Lcell=0.002, h0=0.02, k1=1, k2=-1, k3=1, kd4=1, f0=2.1 Time=1 s Level set variable (1) Magnetic flux density

m T T T T T

0.06 [~

0.05 -

0.04 -

0.03

0.02 -

°

o

=]

T T
“w
=4

-0.06 |-

-0.07 1 I 1 1 1

-0.1 -0.08 -0.06 -0.04 -0.02

Figure A11. Case 12.

Q 0.02 0.04 0.06 0.08 0.1

Lcell=0.002, h0=0.02, k1=1, k2=1, k3=-1, kd=-1, f0=2.1 Time=1 s Level set variable (1) Magnetic flux density

m FT T T T T

0.06

0.05

0.04 -

0.03

T T T T T T

[

0.02 -

-0.03 -

-0.04 -

-0.06

[ ]

Figure A12. Case 13.

1
-0.1 -0.08 -0.06 -0.04 -0.02

1 L 1
0.02 0.04 0.06 0.08 0.1



Fluids 2021, 6, 295

27 of 36

Lcell=0.002, h0=0.02, k1=1, k2=1, k3=-1, k4=1, f0=2.1 Time=1 5 Level set variable (1) Magnetic flux density
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Leell=0.002, h0=0.01, kl=-1, k2=-1, k3=-1, kd=1, f0=2.95 Time=1 s
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Figure A19. Case 5.
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Fluids 2021, 6, 295

30 of 36

Leell=0.002, hD=0.01, k1=-1, k2=1, k3=1, kd=1. f0=2.95 Time=15

" ossf T T T T T T T T T T
N
o Ei J
0.025 |- —_
S,
002
00151
0.01

T

o
:

0.05 -0.04 -0.03 -0.02 -0.01 o 0.01 0.02 0.03 0.04 0.05
Figure A22. Case 8.
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Figure A25. Case 11.
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Figure A26. Case 12.

Leell=0.002, h0=0.01, kl=1, k2=1, k3=-1, kd=-1, f0=2.95 Time=1s
T T T

"b.o3s [ {

0.03F Ff*fil
0025 _
0.02

0.015},

0.005 |- ,—‘

T

-0.005 I—‘

-0.015

-0.025

-0.05 -0.04 -0.03 -0.02 0.01 o 0.01 0.02 0.03 0.04 0.05

Figure A27. Case 13.
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Appendix B. Waveform Plots for Acceleration, Voltage & Current

Excitation of tank for f= 2.05 Hz
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Figure A31. External Excitation.

Voltage evolution in Horizontal coil with Nturns = 1000, f= 2.05 Hz
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Figure A32. Voltage evolution for horizontal coil with 1000 turns for case 7 of magnet arrangement and 2.05 Hz frequency

of excitation.

%108 Current evolution in Horizontal coil with Nturns = 1000, f = 2.05 Hz
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Figure A33. Current evolution for horizontal coil with 1000 turns for case 7 of magnet arrangement and 2.05 Hz frequency

of excita-tion.
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Voltage evolution in Vertical coil with Nturns = 1000, f =2.05 Hz
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Figure A34. Voltage evolution for vertical coil with 1000 turns for case 7 of magnet arrangement and 2.05 Hz frequency

of excitation.
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Figure A35. Current evolution for vertical coil with 1000 turns for case 7 of magnet arrangement and 2.05 Hz frequency
of excitation.
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