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� Oscillating heat pipes (OHPs) can be used for thermal energy conversion.
� Fluid motion within an OHP can agitate a suspended magnet for induction.
� Thermal performance of OHP harvester increases at cost of power generation.
� Suspending larger magnets within OHP tube can increase power generation.
� OHP harvester is a portable means for electric power generation.
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a b s t r a c t

An ‘oscillating magnet’ energy harvesting module was developed and integrated into a 4-turn, tubular
oscillating heat pipe (OHP) filled with water. The harvesting module consisted of a 1000-turn solenoid
wrapped around a polycarbonate tube and two transverse posts, which were placed through the tube
above and below the solenoid. Electromagnetic induction was accomplished via the thermally-driven,
fluidic agitation of a suspended neodymium magnet placed between the transverse posts. The thermal
performance and energy harvesting ability of this ‘oscillating-magnet OHP’ (OMHP) was experimentally
investigated over a range of heat inputs with either 1.59 mm or 3.17 mm diameter neodymium magnets.
Results demonstrate that the OMHP heat transfer performance decreased as the magnet diameter
approached that of the OHP tube due to increased local pressure drops across the magnet, which dis-
rupted advection between the evaporator and condenser. At 400 W of heat input, the OMHP equipped
with a smaller oscillating magnet (i.e. 1.59 mm diameter) produced a maximum peak electrical power
of 21.9 mW and provided an effective thermal conductivity of �7000 W/m K. In contrast, the OMHP
equipped with a larger oscillating magnet (i.e. 3.17 mm diameter) produced a maximum peak electrical
power of 428 mWand an effective thermal conductivity of �2600 W/m K at 200 W of heat input. Since the
confined magnet motion is coupled with the heat transfer and internal fluid motion of the OHP, the
design of the OMHP is driven by the importance of energy harvesting relative to thermal performance.
This technology is unique in that it can be used for thermal management and in situ electric power
production.

� 2017 Elsevier Ltd. All rights reserved.
1. Introduction

The oscillating heat pipe (OHP) is a two-phase heat transfer
device comprised of an evacuated serpentine capillary tube/
channel structure, partially filled with a working fluid (e.g. water,
refrigerant, dielectric fluids, etc.), that spans between a heat source
(i.e. evaporator) and a heat sink (i.e. condenser) [1,2]. Unlike other
types of heat pipes, a wicking structure is not required for effec-
tively pumping liquid from the condenser to the evaporator.
Instead, the heated (and cooled) portions of the serpentine-
arranged capillary lead to evaporation (and condensation) of
various-sized liquid (and vapor) slugs, thus leading to a highly-
unstable, non-uniform vapor pressure field that supports non-
equilibrium thermomechanical conditions. This ‘imbalanced’ fluid
mixture and pressure distribution results in the pulsation and
circulation of the entrained fluid; typically over a spectrum of
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Nomenclature

d diameter, mm
g acceleration due to gravity, m/s2

keff effective thermal conductivity, W/m K
N number of coils in a solenoid
p pressure, kPa
P power, W
Q heat transfer, W
r radius, mm
R resistance, X
t time, s
t# OMHP tube number
T temperature, �C
V voltage, mV
VAC alternating current voltage, mV
VOC open circuit voltage, mV
Dy longitudinal distance between thermocouples in adia-

batic region
DT temperature difference, DoC

Greek symbols
e electromotive force (EMF), mV
U magnetic flux, Wb
q density, kg/m3

r surface tension, N/m

Subscripts
avg average
i internal
l liquid
o outer
pp peak-to-peak (voltage)
r resistor
s solenoid
v vapor
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frequencies less than 10 Hz [3–6]. A minimum temperature differ-
ence (or heat flux) is required to ensure sufficient latent heat trans-
fer for initiating and sustaining fluid motion within the OHP [7,8].
This latent heat transfer accounts for �10–20% of overall OHP ther-
mal transport [9], while fluid motion between the evaporator and
condenser allows for sensible heat transfer via forced convection -
a dominant energy transport mechanism within the OHP. The
cumulative effect of all transport mechanisms within the OHP is
an effective thermal conductivity on the order of 103 or 104 W/
m K [10], broadening its appeal for use in many thermal manage-
ment applications. In an operational sense, the upper limit of an
OHP’s usefulness is evaporator ‘dry-out’, which occurs when a suf-
ficiently large heat flux prevents liquid from returning to the evap-
orator [11]. OHPs with lower fluid filling ratios (i.e. the ratio of
liquid volume to the total OHP channel volume) are typically more
susceptible to dry out at lower heat fluxes due to pressure balanc-
ing in the evaporator.

To date, the majority of OHP research has focused on character-
izing and modeling [4,12,13] its thermal performance and its rela-
tion to various free design/conditional variables (e.g. channel
geometry, fluid fill ratio, fluid properties, orientation, heat source,
etc.). Distinct applications of OHPs have also been investigated,
including their use for waste heat recovery in HVAC [14] and
energy storage systems [15], as well as thermal management of
cryopreservation systems [16] and electromagnetic launchers
[17]. The use of OHPs for energy harvesting has also been
inspected. Zabek et al. [18] demonstrated OHP thermal-to-
electric conversion using pyroelectric elements atop the surface
of a copper FP-OHP. The vapor bubbles and liquid plugs oscillating
inside the FP-OHP caused surface temperature variations of �5 K at
frequencies of �0.45 Hz. The transient temperature field resulted
in the pyroelectric array producing a maximum open circuit volt-
age of 0.8 VAC. Recently, Monroe et al. [19] demonstrated the abil-
ity of a ‘ferrofluid OHP’ (FF-OHP) to generate electricity through
thermal-to-electrical energy conversion. The FF-OHP was partially
filled with water/Fe3O4 ferrofluid and a 1000-turn solenoid
wrapped around a section of the OHP tube. In order to align the
magnetic dipoles of the ferro-nanoparticles, the FF-OHP was placed
between two 16.4 cm3 cube neodymium magnets for creating a
static ‘bias’ magnetic field, which temporarily magnetized the fer-
rofluid. During operation, the unstable FF-OHP pressure field
forced suspended/magnetized ferro-nanoparticles to pass through
the solenoid resulting in ‘ferrofluidic induction’ and voltage
generation on-the-order of 1 mV. Others have also demonstrated
ferrofluidic induction using actively-pumped/shaken ferrofluids in
adiabatic systems of larger dimensions (> capillary scale) [20–22].

Similar to ferrofluidic induction is the operating principle of a
linear electric generator (LEG). In both cases, Faraday’s law is
exploited for generating an electromotive force across a solenoid
in-proximity to an accelerating magnetic medium. In a classical
LEG, an electrical/alternating current is produced via the relative,
collinear motion between a magnetized medium and a static, adja-
cent (or co-axial) solenoid. Many features of the LEG (e.g. stroke
length, magnet size, etc.) can be designed for various size/power
requirements in order to achieve small-to-very-large power out-
puts [23–27]. The propulsion of the magnet may be cyclically dri-
ven via forced mechanical work or randomly driven via harvested
mechanical work, e.g. from roadways [28], ocean waves [26],
human motion [24] and vibration from combustion cycles [29].

The present study introduces a new means to use an OHP for
accomplishing thermal-to-electrical energy conversion. In particu-
lar, a method for driving a LEG via the thermally-driven, mechan-
ical agitation of a permanent magnet suspended within an OHP is
described. The thermal performance of this ‘oscillating-magnet’
OHP (OMHP) and its coupling to electric power generation are dis-
cussed and supported with experimental results.
2. Experimental description

2.1. Electromagnetic considerations

Electromagnetic induction may be stated mathematically using
Faraday’s law, which states that a time varying magnetic field
induces an electromotive force, e, in an electrical conductor. Eq.
(1) describes this relationship for an N-turn solenoid electrical
conductor.

e ¼ �N
@ B

*

@t
ð1Þ

Inspection of Eq. (1) gives direction for the design and testing of
the OMHP harvesting module and suggests larger e is achievable by
increasing N and/or the magnitude of oB/ot. With regards to a mag-
net in motion, oB/ot increases with magnet size (i.e.maximum field
strength) and speed (i.e. rate of change upon approach and
departure).
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An OMHP is a unique embodiment of a LEG in that oscillations
are temperature-driven and power production is accompanied by
superior heat transfer ability. However, the introduction of the har-
vesting mechanism will have some effect on OHP baseline perfor-
mance. Consideration of Eq. (1) and the adjoining, fundamental
fluid dynamics can provide insight into possible OMHP behavior.
For example, a smaller induction magnet (relative to OMHP tube
size) has less inertia for the fluid flow to overcome, but a smaller
face area reduces drag, which could allow the fluid to flow around
the magnet without moving it. Rotation of smaller magnets is
another possible concern for energy harvesting; however, such
rotation can perhaps increase local heat transfer. Conversely, larger
magnets may have higher induction potential due to stronger mag-
netic fields being generated, but the restricted flow around the
magnet would have a larger impact on the thermal performance
of the OMHP. Therefore, to explore the impact of energy harvesting
on OMHP thermal performance, two induction magnets of the
same length but differing diameters were employed in separate
experiments, i.e. either a £1.59 mm (i.e. OMHP1.59) or a £3.17
mm (i.e. OMHP3.17), 6.35 mm long NdFeB-N52 magnet (each cover-
ing �22% or �87% of the harvesting tube cross-sectional area,
respectively). The magnetic field of each magnet was simulated
using Finite Element Method Magnetics (FEMM) v. 4.2 and a sche-
matic of these simulated fields are shown in Fig. 1. The field simu-
lations were verified based on measurements obtained using a
gaussmeter (AlphaLabs, GM1-ST).

2.2. OMHP test setup

A 4-turn tubular OHP was fabricated from copper tubing
(C12200 alloy) with (di, do) = (£3.25,£4.8) mm. HPLC-grade water
was selected as the working fluid due to its availability and well-
documented behavior within the OHP. For standard terrestrial
gravitational conditions (i.e. 1g), the capillary action of water (or
any working fluid) is guaranteed within a conduit for Bond num-
bers (Dq�g�d2/r) � 2 [30]. Hence, the maximum internal diameter
of the OHP tubing was ensured to satisfy Eq. (2).

dmax ffi 2
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

r
g � ðql � qvÞ

r
ffi 5 mm ð2Þ
Fig. 1. Magnetic field lines and magnitude (colors corresponding to values listed on rig
scale).
The OMHP was created by adding a LEG-based harvesting mod-
ule to the adiabatic section of the OHP. The harvesting module was
built around a 4.5 cm section of transparent, temperature-resistant
polycarbonate tubing with (di, do) = (£3.4, £9.5) mm ± 0.1 mm. A
1000-turn (±5 turns), 1.0 cm long solenoid was created by wrap-
ping 0.125 mm diameter copper wire around the axial center of
the polycarbonate tubing. An induction magnet was then placed
inside the polycarbonate tube. To complete the harvester module,
two £1.59 transverse copper posts were placed through the poly-
carbonate tubing – 1.9 cm above and below the solenoid center.
The transverse posts prevented the fluid from carrying the magnet
out of the harvesting module, but still allowed the magnet to
repeatedly pass through the solenoid as it was buffeted by the
oscillating fluid. The harvesting module was then installed in-line
with a tubular section in the adiabatic section of the OMHP. Both
the polycarbonate/copper tubing and polycarbonate/copper post
interfaces were sealed with a two-part epoxy adhesive (J-B KWIK)
to maintain hermeticity. The dimensions of the OMHP and the har-
vesting module are provided in Fig. 2. As shown in Fig. 2, nine type-
T thermocouples (TCs) were affixed to the outside wall of the
OMHP to quantify its thermal performance. Before each test, the
OMHP was evacuated to less than 100 Pa using a centrifugal vac-
uum pump (Fisher Scientific� M8C) before being charged with
HPLC-grade water to a 75% fill ratio (±2%). Once charged, the OMHP
charging tube was pneumatically crimped to create a hermetic
seal. The overall design of the OMHP matched that of the T-OHP
used in [6].

Two aluminum water blocks were used for routing 15 �C (±0.5
�C) water from a recirculating bath (PolyScience AD15R-30-A11B)
around the OMHP condenser for heat rejection. Two Ø = 10.2 cm,
300 W cartridge heaters were placed inside aluminum heating
blocks for heating the OMHP. Cartridge heaters were connected
to a powered, variable autotransformer (Staco Energy) for control-
ling the heat input. Because the cartridge heaters were placed
across the width of the OMHP, each OMHP tube was subject to
approximately the same heat flux. A digital multimeter (DMM)
was used to measure the voltage output of the variable autotrans-
former. Power calculations were based on the parallel resistance of
the cartridge heaters and the measured voltage output of the vari-
able autotransformer (i.e. P = V2/R). Grooves (r ffi 2.4 mm) matching
ht in units gauss) of (a) £1.59 mm and (b) £3.17 mm LEG induction magnets (to



Fig. 2. Dimensions of (a) investigated OMHP with TC, evaporator, adiabatic, condenser, and harvesting module locations (not to scale) and (b) cut-away views with
dimensions of both harvesting module variations (to scale, epoxy not shown).
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the geometry of the OMHP tubes were machined into the mating
surfaces of the heating/cooling blocks to increase contact area. To
further decrease thermal contact resistance, the grooves were
coated with a thin layer of thermal paste (Omegatherm 201) before
the blocks were fastened over the OMHP. Finally, the test assembly
was enveloped in fiberglass insulation to reduce heat loss to the
environment. In quantifying the thermal performance of the
OMHP, it was assumed that all the energy released by the cartridge
heaters was transmitted along the OMHP to the water blocks.
However, heat loss from the OMHP assembly existed and was
found to increase with power input, predominantly near the evap-
orator. Based on the surface temperature of the insulation, heat
loss over the entire OMHP was estimated to be �5% at higher
power inputs. A schematic of the experimental setup is shown in
Fig. 3 below.

Thermal and voltage data were collected with a National Instru-
ments cDAQ-9178 data acquisition (DAQ) system using NI-9213
temperature and NI-9205 voltage modules. For a ±200 mV input
Fig. 3. Schematic of OHP experimental setup (fiberglass insulation not shown).
range, the DAQ voltage module had an absolute accuracy of 174
lV and sensitivity of 4 lV; of these, the sensitivity is most impor-
tant as all voltage data were offset before analysis so that Vavg = 0.
LabVIEW SignalExpress 2016 was used to read and preprocess
data. All TCs were sampled at 100 Hz, while the voltage across
the solenoid was sampled at 500 Hz to prevent aliasing. The sole-
noid voltage was quantified using either the VOC measured
through a passive 40 Hz low-pass filter (LPF) to eliminate high-
frequency noise, or the voltage measured across a resistor connect-
ing the solenoid leads with no LPF; these respective circuits are
shown in Fig. 4. The load resistor in Fig. 4b allowed power pro-
duced by the solenoid to be calculated, and it was varied from
665 ± 0.1 X (where Vr � VOC) to 10.2 ± 0.1 X. The noise floor with
and without the passive LPF was �20 mV and �2 mV, respectively
(compared to typical induced voltages on the order of 101–102

mV). The increase in noise is due to background signals above
�250 Hz in the absence of the physical LPF. However, all phenom-
ena of interest occurred at much lower frequencies [6,19]. For all
cases, a digital 45 Hz LPF (40th order Butterworth) was imple-
mented in LabVIEW to remove the prominent 60 Hz signal origi-
nating from the cartridge heaters and other nearby electrical
wiring.

Tests began at 10 W heat input to demonstrate the OMHP per-
formance without fluid oscillation. The heat input was then
increased to 50 W, which was sufficient to produce fluid oscilla-
Fig. 4. Voltage measurement circuitry for (a) VOC and (b) power.
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tion, and continued upwards in 50 W increments until maximum
temperature oscillation spikes reached 100 �C. At each power
input, the OMHP was allowed to reach quasi-steady state (i.e. tem-
peratures oscillating about constant averages) before three min-
utes of temperature and voltage data were collected. Because
HPLC-grade water was used as the working fluid, the pressure
inside the OMHP can be estimated based on the saturation pres-
sure of water (e.g. at room temperature the pressure inside the
OMHP would be approximately Psat(23 �C) = 2.8 kPa). Therefore,
the cutoff temperature was set at 100 �C to reduce the chance of
seal failure around the harvesting module, since above 100 �C
the maximum pressure inside the OMHP would be above 1 atm.
3. Results and discussion

3.1. Energy harvesting

The energy harvesting ability of the OMHP was quantified using
both open-circuit and closed-circuit voltage measurements across
the solenoid of the harvester module during OMHP operation (see
Fig. 4). Examples of open-circuit voltage responses for the £1.59
mm and £3.17 mm magnets are shown in Fig. 5 for 200 W heat
input. As shown in Fig. 5, not only was VOC£3.17mm many times
greater (�13	) than VOC£1.59mm, i.e. higher amplitude, but the
£3.17 mm magnet also oscillated much more consistently.

Fluid oscillations in an OHP occur over a frequency spectrum,
but there is a ‘dominant’ frequency for a given heat input [6].
Therefore, the OMHP3.17 voltage is not a typical sinusoidal wave
as found from electrical outlets, although the voltage does alter-
nate between positive and negative potentials with quasi-
periodicity. Comparatively, the £1.59 mm magnet is less synchro-
nized with fluid motion since it only covers �22% of the channel
area; thus, fluid can flow around the magnet without drastically
affecting the magnet’s momentum (unlike the £3.17 mm magnet,
which covers �87% of the flow area). Therefore, the £1.59 mm
magnet produces voltage pulses that are less regular and smaller
than the £3.17 mm magnet due to its smaller cross-sectional area
and mass (i.e. weaker magnetic field), respectively.

To give a more comprehensive representation of the OMHP har-
vesting ability, the voltage datasets were analyzed three different
ways. First, the largest 1% positive and negative voltage data were
averaged to estimate VOCmax and VOCmin, so as to quantify the aver-
Fig. 5. VOC vs. time for OMHP1.59 and OMHP3.17 at 200 W heat input.
age peak-to-peak voltage (Eq. (3)). For example, VOCpp for
OMHP3.17 in Fig. 5 is 377 mV, as opposed to VOCpp;max = 522 mV,
which overstates the induced voltage.

VOCpp ¼ VOCmax;1% � VOCmin;1% ð3Þ
Note that when VOCpp possesses the same order-of-magnitude

as VOCpp;max, this indicates more consistent induction. However,
in the case of the OMHP1.59, VOCpp was often drastically different
than VOCpp;max due to the erratic magnet behavior. Occasionally,
the £1.59 mm magnet would produce one or two very large volt-
age pulses (even as large as the£3.17 mmmagnet) but would pro-
duce small, sporadic pulses for the remainder of the test as seen in
Fig. 5. Therefore, Fig. 6 gives both VOCpp and VOCpp;max to demon-
strate the disparity among voltage pulses. Also included in Fig. 6
is VOCRMS, which is used to present the long periods of time
between voltage pulses (as seen in Fig. 5). Note that for one of
the two tests run at 50 W heat input, a confluence of conditions
allowed for a single pulse of nearly VOCpp;max = 90 mV, whereas

VOCpp for both tests was less than 5 mV.
Due to the irregularity of the £1.59 mm magnet oscillation at

lower heat inputs, the relation between the closed-circuit Vs and
electrical resistance (i.e. load) was not measured until 400 W heat
input. At this specific heat input, the magnet’s motion was more
consistent due to increased fluid momentum. The DAQ can be con-
sidered an ideal voltmeter (input impedance >10 GX), thus the
voltage drop across the resistor connecting the solenoid leads
(see Fig. 4b) can be used to calculate the power produced in the
solenoid using a form of Ohm’s law, i.e. P = V2/R. Fig. 7 presents
the electrical power output vs. electrical resistance based on mea-
surements of V s;pp;max and Vs,RMS for the OMHP1.59. As with voltages
shown in Fig. 6, the average power output in Fig. 7 is much lower
than the peak output.

Fig. 8 gives the closed-circuit �V s;pp and Vs,RMS vs. electrical resis-
tance for the OMHP3.17. Note that Vs,RMS = 9.2 ± 0.5% of�V s;pp for all
test conditions in Fig. 8, whereas Vs,RMS = 12.0 ± 3.8% of �V s;pp for
the OMHP1.59 in Fig. 6. The relatively constant ratio of Vs,RMS to
�V s;pp (varying by less than 0.5%) for Vs,RMS,3.17 provides further evi-
dence of the£3.17 mmmagnet’s consistent motion, which may be
attributed to a low probability of fluid passing through the small
flow area between the inner tube and magnet.

The voltage behavior is consistent in both Fig. 8a and b. As heat
input increases, so does the voltage across the solenoid. Also, as
expected, solenoid voltage decreases with decreasing electrical
resistance due to the increase in current. The power output vs.
electrical resistance, based on V s;pp;max and Vs,RMS, is given in
Fig. 9. As in Fig. 7, the maximum of the peak and average power
outputs both occur at 91 X. However, since only a small range of
Fig. 6. Average and maximum peak-to-peak VOC and VOCRMS vs. heat input for
OMHP1.59.



Fig. 7. Average and peak electrical power generated vs. electrical resistance for
OMHP1.59 at 400 W heat input.

Fig. 9. Average and peak electrical power generated vs. electrical resistance for
OMHP3.17.
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electrical resistance was investigated, it cannot be claimed that
power output is maximized at 91 X. Using the standard means
for quantifying efficiency of a heat engine (i.e. work delivered per
unit heat transfer), and measurements pertaining to the average
power output of the OMHP3.17 at 200 W heat input, one may deter-
mine that the OMHP3.17 has a heat engine efficiency of 7.6 	 10�8%.
Note that the heat transfer through the OMHP is significantly
higher than work extracted and, accordingly, it is hard to classify
the OMHP as a heat engine; thus, its Carnot efficiency misrepre-
sents its functionality.

3.2. Thermal performance

In order to assess the impact of energy harvesting and magnet
pressure drop on the OMHP’s heat transfer ability, and to charac-
terize the OMHP thermal performance as a whole, an effective,
‘per-tube’ thermal conductivity, keff, was defined per Eq. (4). This
thermal conductivity was calculated using the measured tempera-
ture differences across OMHP tubes t3, t5 and t6 based on thermo-
couple pairs 3 & 5, 6 & 7, and 8 & 10, respectively (all thermocouple
locations and tube numbers are shown in Fig. 2). Note that t5 is the
tube in which the harvester module is installed. The heat input, Q,
was assumed to be evenly divided among the eight OMHP tube
sections. Note that thermocouples 6 & 7 were applied to bare cop-
per tubing before and after the harvesting module, hence, the same
do = 4.8 mm was used for all calculations.

keff � Q=8

p=4d2
o

Dy
DT

� �
i

ð4Þ

The effective, per-tube thermal conductivity for OMHP tubes t3,
t5 and t6, as measured using an open-circuit configuration, is
Fig. 8. (a) Average peak-to-peak voltage and (b)
shown in Fig. 10a, while keff of the harvesting tube during power
tests (i.e. closed-circuit configuration) is shown in Fig. 10b.

It may be seen from Fig. 10a that keff,t3 � keff,t6 for both OMHPs
and that they are larger than the thermal conductivity of the har-
vesting tube. Also, the effective thermal conductivity for the OMHP
tubes are shown to be on-the-order of 1000–5000 W/m K and to
increase with heat input. Based on Fig. 10b, keff,t5 is not a function
of the circuit impedance (i.e. power production). As shown in
Fig. 10a, the OMHP harvesting tube thermal conductivity increases
less with heat input than non-harvesting tube sections. The
decreased thermal performance of the harvesting tube is most
likely due to the increased pressure drop across the harvesting
module. This is further evidenced by the poorer thermal perfor-
mance of the OMHP3.17; not only is keff,£3.17mm lower than
keff,£1.59mm, but the OMHP3.17 only managed 200 W of heat input
before reaching an external, peak surface temperature of 100 �C.
The flow within the OMHP3.17 is more similar to a paired 2.5-
turn and 1.5-turn open-loop OHP than a 4-turn closed-loop OHP.
Hence, the ability for condensate to circulate between adjacent
tubes of the OHP is limited and the heat transfer ability should
decrease to some degree [31,32]. Based on the similarity between
keff,t3 and keff,t6, proximity to the harvesting tube does not appear to
Vs,RMS vs. electrical resistance for OMHP3.17.



Fig. 10. Effective thermal conductivity for (a) three tubes of the OMHP1.59 and OMHP3.17 vs. heat input for open circuit configuration and (b) the harvesting (H) tube (t5) of the
OMHP1.59 and OMHP3.17 vs. electrical resistance during closed circuit configuration.
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affect the per-tube thermal performance. The observed variation in
keff between the harvesting and non-harvesting tubes should not
be wholly attributed to the decreased thermal conductivity of the
polycarbonate tube section, as wall conduction has been shown
to contribute less than 10% of the overall heat transferred in a
tubular OHP of similar design [6].

The pressure drop in the annular flow along the length of the
harvesting magnets (6.35 mm) was estimated analytically using
the hydraulic diameter dh = di � dmag (where di = 3.4 mm in the
polycarbonate tube section). The entrance and exit effects of the
annular flow were not considered. The equation for major pressure
loss along a pipe was used, i.e.:

DP ¼ L � f d �
q
2
� V

2

dh
ð5Þ

where fd is the Darcy friction factor. For ReD < 2000 (laminar flow),
fd = 64/ReD; while the Haaland equation [33] was used to calculate
fd for ReD > 4000 (turbulent flow). During transitional flow, i.e. 2000
< ReD < 4000, an average was computed using the laminar and tur-
bulent fd (denoted by dashed lines in Fig. 11a). Water properties
were evaluated assuming saturation conditions at 62 �C; which is
a representative temperature of the OMHP1.59 and OMHP3.17 har-
vesting modules at �200 W. Fig. 11a shows the pressure drop cal-
culated using Eq. (5) for the two magnets and a section of open
Fig. 11. (a) Estimated pressure drop along annulus surrounding induction magnets for s
length of open polycarbonate tube; transitional flow denoted by dashed lines (b) ratio o
polycarbonate tubing of equal length. The pressure drop is plotted
in Fig. 11a until all three flows transition to turbulence. Because
the flow velocity and dh varies for the two magnets and the bare
polycarbonate tube, flow rate is provided on the primary x-axis in
Fig. 11, with the corresponding fluid velocity (in the bare copper
tube on either side of the harvester module) given on the secondary
x-axis. To provide easier comparison among the curves in Fig. 11a,
their ratios are shown in Fig. 11b.

It can be seen in Fig. 11b that the pressure drop around the
£3.17 mm magnet is at least two orders-of-magnitude greater
than that around the £1.59 mm magnet (average of �320	),
which in turn is only 2.5–4.5 times greater than an open tube.
Note that the pressure drops in Fig. 11 do not include the losses
caused by the transverse posts, which each cover ~62% of the area
within the copper tubes joining the harvesting module. These
results demonstrate the hydrodynamic coupling of the OHP
energy harvester. Higher pressure drops across the employed
magnet implies that pressure ‘shorting’ (i.e. flow between magnet
and tube internal surface) is less likely and that linear momen-
tum transfer between the pulsating fluid and magnet is more
achievable. A hydrodynamic and/or smaller magnet would reduce
such momentum transfer, but would allow for better heat trans-
fer within that region since more flow would exist along the tube
internal surface.
aturated liquid water at 62 �C vs. flow rate compared with pressure drop for same
f pressure drops.
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4. Conclusions

A 4-turn ‘oscillating-magnet’ OHP (OMHP) was designed and
tested for thermal-to-electric energy harvesting. Either a £1.59
mm or £3.17 mm, 6.35 mm long NdFeB-N52 magnet in-line with
the OMHP fluid flow was used for electromagnetic induction in a
1000-turn, coaxial solenoid wrapped around a single section of
an OHP tube. Several relationships among OMHP heat input, induc-
tion magnet size, thermal performance, induced VOC, and electri-
cal power output were determined. These findings are
summarized below.

1. Over a heat input range of 10–200W, the effective thermal con-
ductivity of the OMHP1.59 was approximately 30% higher than
that of the OMHP3.17. Moreover, the OMHP3.17 reached an exter-
nal surface temperature of 100 �C at 200 W heat input, while
the OMHP1.59 achieved such a temperature at 400 W of heat
input. This is likely due to the pressure drop across the £3.17
mm magnet being >2 orders-of-magnitude higher than that
across the £1.59 mm magnet.

2. The effective thermal conductivity of non-harvesting tubes was
on average 42% and 35% higher than the harvesting tube for the
OMHP1.59 and OMHP3.17, respectively.

3. Varying the electrical resistance across the solenoid leads had
no discernible effect on effective thermal conductivity of the
OMHP harvesting tube.

4. The motion of the£1.59 mmmagnet (and therefore its induced
voltage) was more inconsistent than the £3.17 mm magnet.
Since the £3.17 mm magnet covered 87.2% of the flow area
in the harvesting module, as compared to 21.8% for the £1.59
mm magnet, the motion of the £3.17 mm magnet was more
closely coupled with the fluid motion.

5. Due to the sporadic motion of the £1.59 mm magnet, it only
produced a peak and average power output of 21 mW and
0.126 mW, respectively, within the harvesting module of the
OMHP. This occurred at 400 W of heat input, whereas the
OMHP3.17 produced a peak and average power output of 428
mW and 15.3 mW, respectively, at 200 W of heat input.

6. For both OMHPs, the measured output voltage decreased with
solenoid/DAQ electrical resistance.

Unlike traditional thermoelectric devices, the OMHPs pre-
sented in this work maintained very high heat transfer capability
while producing electric power. The OMHP3.17 thermally under-
performed the OMHP1.59, yet still achieved a maximum, effective
thermal conductivity of �2600 W/m K. Although the reported
OMHP power generation rate is small (�0.1 mW) relative to ded-
icated energy harvesting technologies, the inspected OMHP is a
non-optimized, proof-of-concept prototype. Due to the OMHP
being a new heat transfer platform, there is a lot to be learned
in terms of the applications where it can have the most impact.
One possible application is the recharging of a sensor or commu-
nication device capacitor via a given temperature difference (or
waste heat input). This can be especially important in remote
areas where power grids are unavailable. Another example is its
integration into microelectromechanical systems and small scale
robotics where thermal management and in-situ power supply
are needed.
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