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Abstract- Bi-directional air turbine has one of the primary functions, namely changing the linear movement of air into a rotating
motion. This rotating motion is always in the same direction regardless of the direction of air movement. This bi-directional
turbine impulse type moves by using thermoacoustic waves which result from the conversion of heat energy into acoustic energy.
The turbine using in this research has a diameter of 48 mm and 50 mm. Besides, the turbine also has a variety of blade numbers
and variations of distance from the sound source. The impulse turbine research with 50° inlet angle obtained results that the
maximum rotational motion in the turbine with a diameter of 50 mm and the number of blades 28. The optimal results were

purchased at a distance of 200 mm from the sound source, which was 361 rpm.

Keywords Bi-directional Impulse Turbine; Thermoacoustic Engine; Heat Conversion; Acoustic Power; Rotational Motion.

1. Introduction

Technology that can utilize waste heat directly as an
energy source to be converted into mechanical energy and
electrical energy, one of which is thermoacoustic technology.
Thermoacoustic is a branch of science that studies the
conversion of heat energy into sound energy and vice versa
[1]. The sound energy produced can be used as a power plant,
refrigerator, or heat pump. The utilization of industrial heat
waste as a heat source in a thermoacoustic heat engine was
examined by [2]. Thermo Acoustic Power (TAP)-4 stages are
designed to convert 100 kW of flue gas heat energy at 150 °C
- 160 °C to 10 kW of electrical energy. The use of heat
recoveries with thermoacoustic heat engines (TAHESs) in the

food industry is carried out by [3], the results of the simulation
are that the machine can utilize waste heat in the food industry
to 1029.10W acoustic power with an efficiency of 5.42%. The
waste heat from the exhaust gases of gasoline-powered
vehicles is realized by [4] which directly utilizes heat on the
muffler as a hot heat exchanger source on the thermoacoustic
engine as well as the use of electric heaters for laboratory-
scale thermoacoustic. The utilization of waste gas heat waste
in small trucks is performed by [5], with the optimum
temperature of vehicles 300 °C — 350 °C capable of producing
220 W of electrical energy for small engines and 490 W for
larger machines.

The use of thermoacoustic acoustic energy to be
converted into electrical power has been implemented by
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several researchers, mainly by using both linear and rotary
alternators. A pair of linear alternators are paired by [6] on the
walking wave resonator of the TASHE system. Another study
using linear alternators was conducted by [7]. In 2012, [8]
replaced linear alternators with commercial speakers. In the
use of rotary alternators, acoustic wave energy is captured by
a turbine blade system to be converted by the alternator. A
multi-directional wave concept has been carried out in the
form of an oscillating water column wave energy recovery
system.

The concept of waves that can produce rotary motion of
all directions has been applied to wave energy utilization
systems with Oscillating Water Column (OWC). The reasons
for using this device is the low operational cost, and the only
moving part of the energy conversion mechanism are the
rotors of a turbine [9]. The OWC has an open chamber which
is in direct contact with the sea so that incoming and outgoing
waves cause the water level in the chamber to rise and fall.
Changes in water level produce a bi-directional airflow that
can drive the Wells turbine connected directly to an electrical
generator [10] or use a direct-link mechanism that to be used
in an interconnected wave generation system with a power
converter and a battery [11]. The counter-rotating impulse
turbine is used by [12] to convert wave energy in an OWC
with computation fluid dynamics (CFD) analysis.

A Wells turbine has a simple geometric shape, so it can be
said that this type of turbine is one of the most accessible
forms of bi-directional turbines and is very economical.
However, a Wells turbine has the disadvantage of being a bad
self-starting, and its efficiency in an OWC is only 30% [13].
Compared to the capability of the impulse turbine which has
an efficiency of 40-50% [13] and can even reach 70% at
optimal conditions [14], the turbine impulse has more
efficiency advantages than a Wells turbine. The turbine is a
device that needs to be improved to support decentralization
of energy, especially in remote places far from the power
station [15]. How to increase the turbine power output has
been done by [16], namely the non-linear speed regulation
scheme of OWC with Wells turbine and doubly-fed induction
generator (DFIG). Another way to increase the turbine power
output is to use the Wells turbine and the impulse turbine
simultaneously in an OWC. Wells turbine as the main turbine
that will capture oscillating airflow while Impulse turbine as a
booster [17].

The moving air in an OWC due to waves is comparable to
the sound waves in a thermo-acoustic system. From the results
of existing research in terms of converting a linear into a
rotating motion using a bi-directional turbine, axial turbines
are widely used, namely wells turbine and impulse axial
turbines [18]. The use of thermoacoustic as a bi-directional
turbine driving source was carried out by [19] and [20]. Both
of them use audio loudspeakers as energy sources that produce
turbine drive waves, while this research uses a thermoacoustic
engine as its energy source. The advantage of the
thermoacoustic engine is that it has relatively few
components; there are no moving parts and does not require
refrigerants or hazardous chemicals. Air can be used as a
working fluid, which is very friendly to the environment [21].
Then, the cost of fabrication and maintenance is relatively low
because the equipment is straightforward. In this study, the
type of turbine used is an impulse turbine with 50° inlet angle,

and the hub-to-tip ratio is equal to 0.6. The nominal diameter
of the turbine used is 48 mm and 50 mm, each of which has a
variation of the number of blades (Z) of 26, 28 and 30. This
study characterizes the effectiveness of bi-directional impulse
turbine for use with a thermoacoustic engine; which is a
technology that uses an induced temperature gradient to
propagate acoustic waves within a resonator [22].

2. Theoretical Basis

Impulses Turbine is paired inside the resonator of
thermoacoustic engine to convert a linear movement of the
sound wave into a rotating motion of the turbine. The impulse
turbine has a profile like a water mill, where a blade in the
form of an aerodynamic curve aims to convert the airflow into
a rotational motion of the turbine, as seen in Fig 1. Essential
design aspects include the diameter of the turbine, the number
of blades, and hub-to-tip ratio.

The number of blades is based on the review of previous
studies, which are 30 [23], [13]. The hub-to-tip ratio is the
ratio between the diameter of the inside and the outside of the
turbine blades. The hub-to-tip ratio is essential for determining
turbine performance. When the hub diameter is more
significant, the blade section becomes smaller so that it can
increase air motion. A hub-to-tip ratio of 0.6 give superior
performance [24]. Blade size is determined by the blade inlet
angle and shape curvature. The 60° blade inlet angle is most
commonly used in wave energy applications that were
previously adjusted to the impulse turbine and thermoacoustic
generator using the blade inlet angle of 67°. However for
further research using blade angles of 50°, 60°, and 70° is
designed for analysis [24].
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Fig. 1. An Impulse Turbine
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Fig. 2. Thermoacoustic Engine Schematic [25]
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The thermoacoustic engine has the main components,
namely hot heat exchanger (HHX), stack, a cold heat
exchanger (CHX), and resonator as shown in Fig 2. The
engine used is a close-open type with straight tubular and
narrow inside diameter resonator. High temperature can be
obtained from several sources such as industrial waste heat,
motor vehicles, or commercial systems. In this laboratory-
scale study as a heat source was taken from DC glowplug.

The stack is one of the essential components in the
thermoacoustic engine. Thermal penetration depth is one of a
characteristic length of this system that is perpendicular to the
direction of motion of the gas. It defined as [22]:

S = | X (1)

Pm Cp W

with k& is the thermal conductivity, p,, is the mean density,
¢, is the constant specific pressure heat of the working gas,
and o is an angular frequency of the sound wave.

The other characteristic length is viscous penetration depth
[22]:

- [z [
E-B

With p is dynamic viscosity. Losses due to viscous effects
occur in this region. The resonance frequency of the open-
ended thermoacoustic engine is given by [26]:

ﬂ
C ]/ZL 3)

where a is the motion of sound, L is the resonator length, y is
the ratio of specific heat, R is the molar gas constant, 7T is
absolute temperature, and M is the molar mass of gas.

The result of heat conversion on the thermoacoustic engine
is the acoustic intensity (I) which can then be used to find the
amount of acoustic power. The measurement and calculation
of acoustic intensity can be done using the two sensor method.
The acoustic intensity / for the measured sound wave was
determined using the modified two sensor method [27]:

a
fres _Z_

[H1(IP4I? — |Pg|*) + 2 re[H]|P4||Pg| sin 6} “)
H is defined by:
kF

H= —xs—77 (&)

cos(kAz—x)sin(k7)

Where Re [ ] and /m [ ] represent the real and imaginary
components. P4 and Py are the pressure waves measured at
adjacent pressure sensor positions along resonator, and 6 = arg
[P4/P3] represents phase lead of pressure wave P4 relative to
Pp, k is a complex wavenumber, and F' is a complex factor

calculated by:
Fe1— 2J,(i%/% J219/9) 6
(132 2m0/8) 10 (i3/7 210/ 8) ©

Table. 1. Uncertainty in the measurement of sound levels
according to ISO 9641-1: 1993 [28]

Octave band One-third band Standard
center center frequencies deviation, s
frequencies [Hz] Engineering
[Hz] (grade 2) [dB]
63 to 125 50 to 160 3
250 200 to 315 2
500 to 4000 400 to 5000 1.5
6300 2.5

+(y— 1)]2(1 /2 \[214/5)

= _ik, Jo2J1(i3/2 \[210/5)
Jo@7 Jargs5) ()

]22]1(13/2 J210/6)

Where y and o are the specific heat ratio and Prandtl number,
J, is the nth order complex Bessel function, k, is the
wavenumber in free space given by w divided by the adiabatic
motion of sound, and 7 is the radius of the duct.

While acoustic power (E) can be calculated by multiplying
the acoustic intensity (I) with the cross-sectional area of the
resonator (A), that is, in the following equation:

E=1xA ®)

The measurement method of sound power using sound
intensity  is very difficult to evaluate the resulting
measurement uncertainty because of the fact that intensity-
based sound power measurements take place under widely
different condition [28]. Uncertainty in the determination of
sound power levels according to ISO 9614-1 can be seen in
Table 1.

3. Experiment Setup

A close-open standing wave thermoacoustic engine (SWTE)
with 630 mm total length used in this study, as seen in Fig. 3
consists of a cylindrical core with a copper hot heat exchanger
(HHX) and cold heat exchanger (CHX). The HHX heated by
12 pes glow plug of the diesel engine 11 VDC, and CHX
cooled by water. A wire stack made of stainless steel wire
mesh with porosity 88.26% is placed between HHX and CHX.
The resonator is made from an acrylic tube with 390 mm
length and the inner diameter of 52 mm.

& ﬁ

Cold Heat
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Fig. 3. Schematic diagram of a close-open thermoacoustic
engine

Fig. 4 Three-dimensional printed models of Impulses
turbine Dia. 48 and 50 mm with the variation of the number of
blades.

Fig. 5. Test Apparatus

The parameters of the thermoacoustic engine selected for
use in this study aim to obtain some performance quantities
that can be used as bi-directional turbine drives. The use of
glow plug can produce a temperature on the HHX side of 450
°C and a temperature on the CHX side of 30 °C or a
temperature difference on the core side of 420 °C. The
working frequency of the system based on the total engine
length used will be more than 100 Hz, while the use of wire
mesh with 88.26% porosity is chosen because the system
works as a standing wave. The magnitude of the performance
of the SWTE output has been able to generate acoustic
intensity and acoustic power that is able to drive the turbine.

Hub-to-tip ratio is the ratio between the inside diameter and
the outside of the turbine blades. Hub-to-tip ratio is essential
to determine turbine performance. A hub-to-tip ratio of 0.6
was chosen to increase air velocity [19]. The turbine used in
the test has a hub-to-tip ratio of 0.6 and diameter of with
variations in the number of blades, namely 26, 28 and 30,
while the variety of turbine’s diameters are 48 and 50. Fig. 4
shows the three-dimensional printed models of turbines.

The test apparatus of impulses turbine inserted within the
resonator of the thermoacoustic engine shown in Fig 5. The
turbine tests are performed under different position inside the
resonator, starting from the open end of the resonator, which

is 350 mm from the end of the CHX. Subsequent testing varied
the distance increase every 50 mm from the first test.

Data retrieval is done by the method of two sensors (PA and
PB), which are used to calculate the intensity. The two-sensor
method can be used to estimate the acoustic intensity between
PA sensors and PB sensors by knowing the distance between
the two. Two pressure transducers record the amplitude of the
pressure and the phase difference of both. Then the calculation
is done to obtain the acoustic intensity. Two sensors used to
calculate acoustic power in this study used PA and PB
pressure transducers. PA and PB pressure transducers have a
distance of 50 mm; the distance between the two sensors is
adjusted to the recommendations of [27].

4. Result And Discussion

The pressure transducer will produce raw data amplitude
pressure versus time. The time-domain will be converted into
the frequency domain by the FFT (Fast Fourier Transform)
method that commonly used in waveform analysis [29] so that
the pressure amplitude is obtained. Based on the test results
can be obtained the value of pressure amplitude (PA) of
0.0043 kPa and a frequency of 125 Hz. While the amount of
pressure amplitude (PB) is 3.6731 kPa, and the frequency is
125 Hz. Acoustic power is used to determine the performance
of the tool. The acoustic intensity obtained was 20.9474
kW/m®. From the 52 mm diameter and 390 mm length of
resonator test data, acoustic power was obtained at 45.3114
Watts. The uncertainty of this measurement is 3 dB, according
to Table 1.

The results of experimental tests when the turbine is
driven by the thermoacoustic engine discussion as follows.

From Fig. 6, it can be seen that at a diameter of 50 mm the
highest rotating motion is at a distance of 20 cm from the
sound source, which is equal to 269 rpm. While for the lowest
rotational motion is at a length of 350 mm from the sound
source, which is 217 rpm. From the graph, it can be seen that
the impulse turbine motion tends that the farther away from
the sound source, the lower the rotation motion. At a diameter
of 48 mm shows that the highest rotational motion is at a
distance of 20 cm, which is equal to 257 rpm. Whereas for the
lowest point is at a length of 35 cm from the sound source,
which is 233 rpm. As with the 50 mm diameter, the tendency
of the research results from the rotational motion is the farther
away from the sound source, the turbine rotational motion will
be lower. From the comparison chart, it is known that the
impulse turbine with a diameter of 50 mm obtains higher
results when compared to a diameter of 48 mm.

400

Rpm

350

300

w0 | e

200

Dia.= 48 mm

Dia.= 50 mm

150

20 25 30 35

Distance in res. (cm)

Fig. 6. Comparison Graph Of Impulse Turbine
Rotational Motion With The Number Of Blades (Z) = 30.
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Fig. 7. Comparison Graph Of Impulse Turbine
Rotational Motion With The Number Of Blades (Z) = 28.
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Fig. 8. Comparison Graph Of Impulse Turbine
Rotational Motion With The Number Of Blades (Z) = 26.

Based on the graph in Fig. 7, it is known that the
comparison of impulse turbine motion with a diameter of 48
mm and 50 mm and the number of blades 28 shows that with
a diameter of 50 mm it produces a higher rotational motion
compared to a diameter of 48 mm. At a diameter of 50 mm,
obtain the most optimal rotational motion at a distance of 20
cm, which is equal to 361 rpm. While for the lowest point is
at a length of 35 cm from the source of sound that is equal to
230 rpm.

The graph shows that the rotational motion tends that the
farther the distance from the source of the sound, the faster the
rotation motion at a diameter of 50 mm. The impulse turbine
with a diameter of 48 mm obtains the most optimal rotational
motion at a distance of 25 ¢cm from the sound source, which is
equal to 229 rpm. Whereas for the lowest result is at 35 cm
point with the rotational motion of 189 rpm. Thus it shows that
with a diameter of 50 mm, the results are more optimal when
compared to a diameter of 48 mm in the same number of
blades, namely 28.

The graph in Fig. 8 shows that at a diameter of 50 mm,
obtains the highest rotational motion; there is a distance of 20
cm from the sound source, which is equal to 279 rpm. The
lowest point is at a length of 35 cm from the sound source with
the rotational motion of 243 rpm. The impulse turbine with a
diameter of 48 mm obtains the highest rotational motion of
347 rpm at a distance of 20 cm from the sound source. While
for the lowest rate there is a distance of 35 cm from the sound
source of 244 rpm. It can be concluded that the most optimal
rotational motion on the impulse turbine with 26 blade
numbers, the diameter of 48 mm.

400 -

350 -
- \
250

Rpm

z=130
z=128
z=126

200 -

150

20 25 30 35

Distance in res. (cm)

Fig. 9. The Rpm Of 48 Mm Diameter Turbine With
Variations In The Number Of Blades (Z).
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Fig. 10. The Rpm Of 50 Mm Diameter Turbine With
Variations In The Number Of Blades (Z).

From Fig. 6 to Fig. 8 it can be explained that the turbine
rotational speed is higher at the test point close to the core of
the thermoacoustic engine and further decreases to the test
point near the end of the resonator due to the pressure
characteristics of the open-end SWTE system work pressure
magnitude also follows a high pattern at the closed end but
small at the open end [30].

Based on Fig. 9 and Fig. 10, the results show that the
diameter of turbine 50 is capable of producing turbine turns
higher than the diameter of the turbine 48 mm because when
sound waves arrive at the turbine, the more full the cross-
section of the turbine, presented with a large diameter (in this
study, a diameter of 50 mm), the more wave energy is
absorbed in the turbine so that the sound energy is converted
to higher mechanical energy. This condition is shown in the
50 mm turbine diameter, which has a higher rotational speed
than the 48 mm turbine diameter.

Another factor that influences the turbine rotation is the
number of turbine blades. The increasing number of turbines
will cause the distance between turbine blades to be narrower;
this results in the pressure and velocity of the wave energy
generated by the thermoacoustic engine not being able to hit
the turbine blade optimally. In the non-optimal condition, the
turbine blades receive pressure, and the speed of the wave
energy causes the turbine rotation that is produced is lower
than the number of turbines that are less. However, the number
of turbines that are too small will cause the turbine rotation is
also low, and this is because the distance between the blade of
the turbine that is widening will cause more wave energy to be
passed out of the turbine system. This study shows the results

1306



INTERNATIONAL JOURNAL of RENEWABLE ENERGY RESEARCH

Sugiyanto et al., Vol.9, No.3, September, 2019

that the number of blades is 28, where this number between
30 and 26 has the highest results. The results of the study
indicate that the impulse turbine diameter of 50 mm with the
number of blades 28 has the highest rotational motion. The
resulting rotational motion is 361 rpm at a distance of 20 cm
from the sound source. The speed of a particle is related to the
cross-sectional area and impedance of the material. The speed
of a particle is related to the cross-sectional area and
impedance of the material. Acoustic impedance is the ratio of
acoustic pressure to acoustic volume flow [31], so that with a
larger cross-sectional area, the same amount of material
impedance and the same amplitude pressure, the particle
velocity will be higher too.

5. Conclusion

The results of this study can be concluded that the amount
of turbine rotation that is inserted into the resonator has the
same trend with the amount of pressure in the resonator. Open-
closed SWTE produces pressure for 4 wavelength so that the
highest pressure is on the closed side and the lowest pressure
is on the open side, the effect is that the character of the turbine
rotational speed will also follow the character of the
magnitude of the pressure. Turbine rotational speed
concerning turbine diameter and the number of turbine blades
are affected by acoustic impedance. A large turbine cross-
sectional area will result in a higher turbine rotation, but a
large number of turbine blades will give rise to a high
inertance so that the turbine rotation is even lower. However,
the decreasing number of turbine blades also affects the
acoustic waves that can be absorbed by the turbine blades. So
in this study, the diameter of a turbine with a high rotational
speed of 50 mm compared to a diameter of 48 mm and the
number of turbine blades 28 produced a higher turbine rotation
compared to turbines with a total of 30 and 26 blades.
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