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ABSTRACT

This paper reports a study on the use of an in-house 3D printed bi-directional turbine for energy conversion in a standing wave
thermoacoustic environment that is operated at atmospheric pressure. The-3D printed turbine was placed at two locations along
the resonator and the data were recorded over a range of flow frequency and flow amplitude. It is found that maximum output is
achieved when the flow is not at resonance. Resonance of the standing wave inside the rig was found at 106 Hz but the bi-directional
turbine performs better at a lower frequency of 85 Hz.
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1. Introduction

Renewable energy and technology are becoming more and more important as the world is facing
serious issues related to pollution, shortage of fuel supply and ozone depletion [1]. Turbines are
devices that can be used to convert kinetic energy of flow into electricity [2]. It is mostly used for
harvesting wind [3] and hydrokinetic energy [4]. It is also used in energy production devices like in a
geothermal power plant [5] or organic power plant [6]. In more recent development, the turbine with
the utilization of appropriate guiding vane have found its use in the field of reciprocating and
oscillatory flow condition, a condition that can be found in ocean engineering [7] as well as
thermoacoustic technology [8].

A thermoacoustic (TA) systems utilizes thermoacoustic principles to produce either a heating or
a cooling effect [9]. Thermoacoustic describes the interplay between heat and sound by combining
the principles of thermodynamics, fluid dynamics, and acoustics [10]. Gas particles can expand,
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compress, and exchange heat with neighboring surfaces using thermoacoustic principles, completing
a thermodynamic cycle and providing a heating/cooling effect [11] as well as heat engine/generator
[12]. These interactions may be used to create useful devices that transform heat into sound waves
with significant amplitudes when correct conditions are achieved. The work energy in these sound
waves can then be utilized to drive a flywheel or a linear alternator with a piston [8]. As a result, a
heat engine or a generator is produced using thermoacoustic principles [13]. In an opposite
operation, the changes of pressure of the wave and heat transfer between the wave and the surface
of porous media can create heat pumping effect where heat is pumped from a lower to a higher
temperature reservoir in a thermoacoustic heat pump or refrigerator [14].

The fundamentals of a thermoacoustic engine are the same as those of a thermodynamic engine.
When heat is applied to a thermoacoustic engine, the engine produces work in the form of sound
while rejecting waste heat into a cooler environment [15]. A thermoacoustic engine comprises no
moving parts, making it a viable alternative to traditional engines due to its great reliability and low
cost [16]. The whole operations take place entirely within a resonator. As a conclusion, it is an eco-
friendlier technology than a standard refrigerator or engine.

In brief, a simple thermoacoustic cooler consisted of a resonator, porous media, acoustic driver
and heat exchangers [17]. The acoustic driver drives the acoustic flow inside the resonator and the
cooling effect happens when the flow interacted with the porous media [17]. The heat exchanger is
used to exchange heat between the system, the cooler and the surrounding [18].

For heat engine or generator, the system is usually driven by a temperature gradient known as
the onset temperature that developed between the two ends of the regenerator/porous structure
[19]. The onset temperature creates wave that travels inside the resonator and the displacement of
the wave can be converted into useful electricity by using suitable energy conversion device [20]. The
common device that was used as the energy conversion device was the converted loudspeaker [21]
and a linear motor [22]. The bi-directional turbines were used for oscillatory flow of the ocean wave
[23]. The potential of using a bi-directional turbine for thermoacoustics was also reported [24]. The
bi-directional turbines are self-rectifying turbines that transform the flow's linear oscillating motion
to unidirectional rotation, avoiding the zero-velocity point [24]. They are either impulse turbines or
response turbines [25]. Printing manufacturing parts with 3d printing technology reduces the
production costs [26]. Hence it can be used to fabricate parts for devices [27] such as the bi-
directional turbine of thermoacoustics. Moreover, this turbine does not require extensive cooling or
the usage of costly magnets [8]. Turbines have proved their utility in conversion wave energy in
Oscillating Water Column (OWC) systems, in which they create an oscillating air column because of
sea and ocean water movement [23]. The turbine then converts energy to mechanical power.

In bi-direction turbine, the role of the guiding vane, also knowns as stator, and the rotating vane
known as rotor is important. The guiding vane guides the fluid to flow into the rotating vane [7].
Three major categories of bidirectional turbines were reported in the literature: the wells turbine
[28], the radial impulse turbine [29], and the axial impulse turbine [7]. The axial impulse turbine
consists of two guide vanes and a rotor is sandwiched between them. Static guides vanes convert
acoustic pressure energy to kinetic energy and send it to the rotor blades. Due to the same size,
regardless of the incoming axial flows, the rotor will experience torque in almost the same rotating
direction. Then, by coupling the rotor to a generator, the rotor's input power may be converted to
electricity. For an impulse radial turbine, the rotor is radially positioned between two guiding vanes,
one of which directs the flow outward toward increasing radius and the other inward toward the
center axis. The kinetic energy of the bidirectional flow is converted to spinning effort again by a
similarly constructed rotor [30].
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Recently, bidirectional turbines were developed as potentially low-cost, dependable, and high-
performance transducers. In most reported work, the turbines that were investigated were relatively
big in size [23—25]. However, most thermoacoustic devices were built by using standard small sizes
pipes [17-19]. In fact, most technology are nowadays becoming small in size and small size
operations are usually different compared to the big devices [22]. Hence, there is a need for
investigations of small size turbines to suit for the potential use in applications with limitation of
space. In this paper, the feasibility of using an in-house 3D printed small size bi-directional turbine to
convert acoustical energy from a standing wave thermoacoustic device into electricity is reported
and discussed.

2. The 3D printed bi-directional turbine

The bi-directional turbine contains three main parts which is the stator at upstream, the rotor at
the centre and the stator at downstream. The stator is designed so that the air from upstream and
downstream are pushing the rotor into unidirectional motion. The Solidworks drawing of the parts
are as shown in Figure 1. The drawings are saved in a stereolithography (STL) format and then send
for printing by using Creatbox DX 03 Printer.

For oscillatory motion of thermoacoustic, the air flows in two-directions [31] depending on the
cycle of the flow. During first half of the cycle, the air is moving in positive direction. During the
second half of the cycle, the air is moving in negative direction [32]. The cycle repeats many times,
and the repetition of cycle depends on the frequency of the flow [33]. The stator must be designed
with ability to provide continuous flow of air when the oscillatory flow of thermoacoustic is flowing
from upstream and downstream locations to rotate the rotor. The rotor is connected to the shaft of
a brushless motor to convert the rotational movement into electricity. The motor that was used in
the experiment has the ability to handle 200 rpm to 6000 rpm with power voltage of a maximum of
20 V.

Fig. 1. a) The stator on the left (upstream), (b) the rotor in the middle and (c) the stator
on the right (downstream)

The dimensions of the stator at both the upstream and downstream locations as well as the rotor
are as tabulated in Table 1. All the components are to be fitted into the 30 mm diameter acrylic tube
that acts as part of the resonator. For this reason, the stators and rotor of the custom designed bi-
directional turbine is made with an outer diameter of approximately 30 mm. The acrylic tube was
used as the transparent feature of the tube and this will allow the rotational movement of the rotor
to be measured using a device known as a tachometer.
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The rotor and stator are placed next to each other as illustrated in Figure 2. There isa 1 mm gap
between the rotors and stator to avoid friction between parts when the rotor is rotating. The stator
at upstream location does not have inner diameter as the central part is made solid to avoid flow to
enter through the middle part of the stator. The stator at downstream location is printed with an
inner diameter of 24 mm as it is fitted onto the surface of the 24 mm diameter motor. The inner
diameter of the rotor follows the 1.8 mm diameter shaft of the motor.

Table 1
The dimensions for the bi-directional turbine
Dimension

Parameter Stator (upstream) Rotor Stator (downstream)
Outer diameter 30 mm 30 mm 30 mm
Inner diameter - 1.8 mm 24 mm
Number of blades 15 15 15
Length of blades 10 mm 9 mm 10 mm
Angle blade 45° 180° 60°
Thickness of blade 8 mm 13 mm 8 mm
Direction of blade Static Clockwise Static

Fig. 2. The assembled 3D printed stator on the
left (upstream), the rotor in the middle and
the stator on the right (downstream)

The 3D printed bi-directional turbine that is assembled with a motor is then tested in the
experimental rig that was built for the study.
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3. Experimental setup

The experimental rig was based on a quarter wavelength standing wave criteria, similar to the rig
as reported in a published work [34]. For a quarter wavelength rig, the rig is made with a length that
is equivalent to a quarter of the wavelength. The wavelength can be calculated as A = ¢/f where c is
the speed of sound for air which is treated as a constant value of 346 m/s at an atmospheric pressure,
and fis the flow frequency. In general, a thermoacoustic heat engine is a device that generates energy
from the acoustic flow that is generated by the heat supply. In this study, the focus is only on the
feasibility of using a small sized 3D printed bi-directional turbine to generate electricity when it is
rotated by the acoustical flow of thermoacoustics. For this reason, the role of the heat exchangers as
the driver for the flow is replaced by another acoustic driver that is a speaker. A 150 W Vess D5
speaker was used to provide the thermoacoustic flow environment in a resonator as illustrated in
Figure 3.

The speaker is connected to a 30 mm diameter tube that acts as a resonator. The resonator is
made of two different tubes of the same size: the polyvinyl chloride (PVC) tube and the acrylic tube.
The bi-directional turbine is placed inside an acrylic tube for measurement purpose. The whole length
of the resonator is 725 mm. The speaker is driven by input parameter that is supplied through the
use of the MCP SG1005 function generator and the Behringer KM70 power amplifier. This will create
a standing wave thermoacoustic environment inside the resonator. The location of the resonator
that is attached to the speaker is known as the velocity antinode location whereas the other end of
the resonator is known as the pressure antinode location. An Endevco 8510B-2 pressure transducer
was flushed mounted on the pressure antinode end so that pressure amplitude data can be recorded.
For a standing wave resonator with a quarter wavelength design, the pressure antinode provides
maximum amplitude of flow which helps in the determination of resonance frequency for the flow.
The pressure transducer is driven by a 12 V power input and the data is transferred to the computer
through a D-718-E datalogger. The data is processed by using a Windaq software.
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Fig. 3. (a) The schematic diagram of the experimental setup, and the picture of
the experiment with the bi-directional turbine at (b) the front and (c) at the back
of the rig

The bi-directional turbine was located at two different locations: the front location near the
velocity antinode and the back location near the pressure antinode. The rotational movement of the
bi-directional turbine at these two locations are recorded by using a HT-4200 tachometer. The rotor
of the bi-directional turbine is also connected to a DT-830B digital multimeter to record the voltage
output from the motor. Each experiment was repeated for at least three times. The uncertainty of
experimental data, s, is calculated by using the following equation [35]:

_ \/(xl —x)2+..+(xp—x)2

n-1

(1)
4. Results and discussions

The results are reported based on all the measurements that are done in the experiment.
Discussions are also presented accordingly.

4.1 Resonance Test

Figure 4 presents the results of the resonance frequency of the flow. For thermoacoustics, the
flow is usually driven at resonance so that maximum output can be achieved. For a 725 mm long
guarter wavelength resonator, theory predicts that the frequency of the flow is about 119 Hz. This
theoretical value may change a bit due to experimental losses that may happen. For this reason, the
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study started with the identification of the resonance frequency of the flow. This is done by setting
the flow amplitude at a constant low value while the frequency varies until the peak value of pressure
can be recorded by the pressure that is placed at the pressure antinode location.

1300
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Pressure, (Pa)
=
=
&) ]
(]

385 95 105 115 125

Frequency, (Hz)
Fig. 4. Resonance frequency test for the 725-mm-long quarter wavelength
resonator with air at an atmospheric pressure as the working fluid

Figure 4 shows that resonance was achieved at 106 Hz, a value that is 13 Hz lower than the
theoretical prediction. Similar observation was also observed in reported works where experimental
value was found to be lower than the theoretical prediction [36], presumably due to the uncertainty
of the experimental environment such as the nonlinear or inhomogeneous acoustical properties of
the materials that were used in the experiment, the errors due to weaknesses in the joints or during
assembly practices of parts and also the losses due to the disruption of flow in the presence of porous
media, just to name a few.

4.2 Flow amplitude

The investigation is proceeded with the test of flow amplitude in order to ensure that a standing
wave acoustic flow is able to be achieved in the resonator. In this test, the pressure data at the
location of pressure amplitude is recorded when the input peak-to-peak voltage, Vpp, increases while
the flow frequency is set at a constant resonance value of 106 Hz. Figure 5 shows that the pressure
amplitude increases when the input voltage increases. This shows that a bigger standing wave
amplitude can be achieved by increasing the amplitude of voltage supply. Increasing the amplitude
to higher value is not possible due to the limitation of the speaker used in the study. Nevertheless,
the range of the pressure values that can be achieved through this experimental setup is sufficient
for the test of the custom-designed 3D-printed bi-directional flow turbine. The pressure amplitude
at the location of pressure antinode is directly related to the amplitude of flow [28]. The increase of
flow amplitude will give impact on the rotational movement of the rotor.
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Fig. 5. Flow amplitude changes inside the resonator, indicated by the pressure
changes, when the peak-to-peak voltage supply is increased from 0.25 V to 0.45 V

In order to confirm the changes of flow amplitude with respect to changes of supply voltage, the
resulting velocity of the flow is measured. Our preliminary tests showed that maximum limit of the
operation of the motor that was attached to the rotor is reached when the flow is supplied at a peak-
to-peak voltage of 0.28 V. Hence, the experimentation involving the use of the custom-made 3D
printed bi-directional turbine is carried out to the maximum input peak-to-peak voltage of 0.28 V.
For the purpose of illustrating the changes of flow amplitude with the change of pressure amplitude
at the antinode, experimentation for a lower Vpp of 0.26 V is also shown. The measurement of flow
velocity is done at the front and back locations of the resonator. Data was recorded by using HHF
1000 hot wire anemometer with test conditions set at two different input peak-to-peak flow
amplitudes. The flow was first tested with the maximum resonance frequency of 106 Hz. Due to the
disturbing noise level of the operations at 106 Hz, the tests were further extended to check for the
performance of the flow at frequency lower than the resonance frequency. Two random lower values
of frequency were selected which were 55 Hz and 85 Hz. Frequency lower than 55 Hz was not tested
due to low production of amplitude that led towards difficulty in obtaining steady operation for
meaningful measurement. Extending the experiment for higher frequency was also not considered
due to the high noise level which is not favorable for the operation of the system. The results are as
tabulated in Table 2. In general, flow amplitude increases when the input supply of peak-to-peak
voltage increases except for the case of 106 Hz when measurement is done at the back of the
resonator. However, the drop is small and fall within the range of the uncertainty of the velocity
experimentation which was calculated to be at approximately + 0.5 m/s.
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Table 2
The velocity of flow at the front and back of the resonator at two different flow amplitudes
Frequency Amplitude of Vpp (V) Velocity Average (m/s)
(Hz) Front location Back location
55 0.26 1.8600 4.3333
0.28 2.0800 5.2033
0.26 5.0433 3.1367
8 0.28 5.6333 3.2467
106 0.26 7.0433 2.9300
0.28 8.4600 2.3300

Itis also interesting to note that the flow behavior at these three different frequencies is different.
At low amplitude of 55 Hz, the velocity in front is lower than that at the back. This is different
compared to the other two higher flow frequencies. For a standing wave device with quarter
wavelength criteria, the velocity of flow is expected to be lower at the back when flow is reaching
the pressure antinode. The flow that was observed at the frequency of 55 Hz is not representing this
behavior. It is noted that the resonance of flow was recorded at 106 Hz. Therefore, the lower
frequency of 55 Hz may be too low to provide thermoacoustic environment by using the current
setting.

4.3 Voltage Output
Figure 6 shows the output voltage from the bi-directional turbine that is recorded for the

conditions reported in Table 1. It is interesting to note that the maximum output voltage was found
at a frequency of 85 Hz, and this is not the resonance frequency of the flow.

-e-Amplitude 0.26Vpp -+ Amplitude 0.28Vpp ‘

=15 71
© = 18.878
=13 11,19 S
%’nll Z 16
]
2 4 211 8
s 7 G
55 Z 6 l
g3 2
Q1 a 1
50 70 90 110 50 70 90 110
Frequency (Hz) Frequency (Hz)
(a) (b)

Fig. 6. Voltage output from the motor when the turbine is placed (a) in front and (b) at the
back of the resonator with different flow frequency operations

The turbine produces more output voltage when it is placed at the back, near the pressure
antinode location. The maximum output voltage of 18.88 V was found recorded when the rig is
operated at 85 Hz with flow amplitude that is driven with 0.28 peak-to-peak voltage. This indicates
that the highest output from the bi-directional turbine can be obtained at a frequency that is not the
resonance frequency of the flow.
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4.4 Power output

Figure 7 shows the power that is generated by the bi-directional turbine. The results were
obtained from data that was recorded for the same conditions as reported in Table 1. The power, P,
in unit Watt is calculated by using the Eq. (2):

2TNT
P = p” (2)

where the terms N and t are the speed of the rotor in unit rpom and the torque in unit N.m,
respectively. The torque, T, is defined as:

T=rF (3)

Where the terms r, and F are the radius of the turbine in unit m, and the centrifugal force in unit
Newton. The centrifugal force is calculated using Eq. (4) with P as the pressure in unit Pa and A is the
cross-sectional area of the rotor in unit m2.

F = PA (4)

The pressure can be obtained by using the measured pressure at the location of pressure
antinode, P,. The pressure changes with location. The pressure at location x, Px can be calculated
using Eq. (5). The terms k and x are the wave number in a unit meter and the location in a unit meter,
respectively. The wave number is defined in Eq. (6).

P, = P, cos(kx) (5)

2nf
c

k = (6)

The results of Figure 7 are recorded at two locations. The results for the front location are shown
in part (a) of the figure while the results for the back location of the resonator is shown in part (b) of
the figure.

10
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Fig. 7. Power generated by the turbine located (a) in front and (b) at the back of the
resonator with flow

Again, the results in Figure 7 shows that the maximum output power of the bi-directional turbine
is achieved when the system is operated at 85 Hz, which is lower than the resonance frequency of
the flow. This is consistent with the results of Figure 6. Higher flow amplitude will also lead to higher
power output. The maximum power output of 1.729 kW was recorded when the bi-directional
turbine is driven by flow amplitude of 0.28 peak-to-peak voltage with flow at a frequency of 85 Hz.

5. Conclusions

A small size 3D printed bi-directional turbine with a diameter of 30 mm was successfully
fabricated and tested in a standing wave thermoacoustic environment at an atmospheric pressure
operation. Maximum performance was achieved at a frequency of 85 Hz with maximum power of
1.729 kW and a voltage output of 18.88 V. The turbine performed better when it is placed near the
pressure antinode location of the standing wave resonator.
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