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Abstract

In the recent past, attraction towards the new power generation technologies and thermal energy recovery have become
exponentially increasing due to the environmental and economic concerns. Thermo-acoustic generation has been identified as
an attractive novel technology for low-grade energy recovery and power generation. Only moving component of the thermo-
acoustic generation system is the linear alternator, which is used to convert acoustic energy into electrical energy, and hence,
it leads to increase the reliability of thermo-acoustic systems with comparative to the other power generation technologies.
Traveling wave thermo-acoustic generators have higher efficiencies with respective to its counterpart, standing-wave thermo-
acoustic generators. Traveling wave thermo-acoustic generators are much economical and less complex as it can be operated
with ambient air at atmospheric pressure conditions as the working fluid. During this study, a single stage traveling-wave
thermo-acoustic engine was modeled and validated using available test results in the literature. The validated model was used
to predict the optimum working conditions for a traveling wave thermo-acoustic engine to obtain the maximum efficiency from
the engine. Results show that the increment of temperature in hot heat exchanger tends to increase the efficiency of the system.
(© 2021 Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND license
(http://creativecommons.org/licenses/by-nc-nd/4.0/).
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1. Introduction

Investigation on reliable, efficient and non-conventional power generation systems has become very popular over
the decades due to the scarce of fossil fuel supply and the associated GHG (Green House Gas) emission from the
combustion of the fossil fuels. When considering the conventional power generation techniques, they are mostly
thermal to mechanical/electricity power conversion-based technologies [1]. But with the absence of moving parts,
thermo-acoustic devices provide a great advantage over the other technologies in-terms of the reliability. Only

* Corresponding author.
E-mail address: dinukaprabhashana@gmail.com (H.M.D.P. Herath).
I B.Sc. Engineering(Hon’s).

https://doi.org/10.1016/j.egyr.2021.05.064
2352-4847/© 2021 Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/
licenses/by-nc-nd/4.0/).

Peer-review under responsibility of the scientific committee of the 6th International Conference on Advances on Clean Energy Research,
ICACER, 2021.

Please cite this article as: H.M.D.P. Herath, M.A. Wijewardane and R.A.C.P. Ranasinghe, Numerical model-based prediction of performance of single stage traveling wave
thermo-acoustic engines. Energy Reports (2021), https://doi.org/10.1016/j.egyr.2021.05.064.



http://www.elsevier.com/locate/egyr
https://doi.org/10.1016/j.egyr.2021.05.064
http://www.elsevier.com/locate/egyr
http://creativecommons.org/licenses/by-nc-nd/4.0/
mailto:dinukaprabhashana@gmail.com
https://doi.org/10.1016/j.egyr.2021.05.064
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/

H.M.D.P. Herath, M.A. Wijewardane and R.A.C.P. Ranasinghe Energy Reports xxx (xxxx) xxx

Nomenclature

P1 Pressure amplitude

Om Mean density

U, Volumetric velocity amplitude

Agas Cross sectional area of the gas channel
fo Spatially averaged viscous function

Sound speed
Specific heat ratio

Jx Spatially averaged thermal function

Pr Prandtl Number

& Correction factor for finite solid capacity
H Energy flow

cp Specific heat and constant pressure
Asolid Solid cross-sectional area

kgas Thermal conductivity of gas

ksotia Thermal conductivity of solid

T Mean temperature

moving part of a thermo-acoustic generator is the linear alternator, which converts acoustic energy to electricity. As
this technology is still in its infancy, it is difficult to differentiate their efficiency with comparative to the other well-
established technologies [2]. There are two types of thermo-acoustic generators and are standing wave and traveling
wave. In standing wave engines, the acoustic and pressure oscillations have a 90° phase difference while traveling
wave engines do not have a phase difference. The efficiency of traveling wave systems is higher than standing wave
systems and hence, this study focuses on the performance characteristics of the traveling wave thermo-acoustic
generators [3].

There are various types of traveling wave thermo-acoustic engines and are, looped-tube traveling wave engine [4],
multi-stage lopped-tube engines [5], Backhaus and Swift’s torus type engine [6] and looped-tube engine with a
bypass pipe [7,8]. Main components of a traveling-wave thermo-acoustic generator are hot heat exchanger, primary
cold heat exchanger, regenerator, secondary cold heat exchanger, stub and the feedback loop (Fig. 1).
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Fig. 1. Components of a thermo-acoustic engine [1] and schematic of the thermodynamic cycle on PV diagram [9].

Thermal energy to acoustic energy conversion of the thermo-acoustic generator takes place in the regenerator.
Across the regenerator, a steep temperature gradient is maintained by the hot heat exchanger and the primary cold
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heat exchanger. In traveling wave thermo-acoustic devices, a good thermal contact (minimum temperature difference
between fluid and the surface) has to be maintained among the fluid and the regenerator. The temperature of the
regenerator surface and the gas layer near the regenerator surface have to be nearly equal to achieve this good thermal
contact. It is obtained by ensuring that the channel size in the regenerator smaller than the thermal penetration depth
for the fluid [8]. When designing the regenerator thermal penetration depth (thermal boundary layer thickness) and
viscous penetration depth (viscous boundary layer thickness) of the fluid are important parameters which affect the
performance. In thermo-acoustic generators temperatures of the heat exchanger and the pressure level inside the loop
have been identified as the most significant parameters. Also Fig. 1 shows the P—v diagram of a thermo-acoustic
engine.

Thermo-acoustic engines can be operated on various working fluids such as Helium, Nitrogen, Carbon dioxide
(CO2) and ambient air [10]. The modeling work of this study is mainly focused on ambient air as the working
fluid under the normal atmospheric pressure conditions. A numerical model has been developed using Design
Environment for Low-amplitude Thermo-acoustic Energy Conversion (DeltaEC) platform and validated using the
results published by McGaughy [11]. During the modeling work, the temperatures of the cold heat exchanger and
the pressure levels inside the system has been varied and observed the variations in the acoustic pressure, acoustic
volume flowrate and thermal to acoustic efficiency.

2. Modeling

Thermo-acoustic phenomenon was proposed by Kramers (1949) and Rott (1969—1980) by combining the theory
of acoustic oscillations and thermodynamics. Later they proposed the theory of linear thermo-acoustic [12]. This
concept was based on three basic equations continuity, momentum, and energy and, linearization of them with
the following three main assumptions are: Radial acoustic power gradient across the tube is negligible; Average
temperature and viscosity changes in radial direction is negligible and; Heat conduction in the axial direction and
friction occurred by axial gradient are negligible. Based on the above theories following one dimensional equations
can be obtained for continuity, momentum and energy [13]. Equations are given below.

R 7 (1)
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_1=_la) g2 1+()’ ) fx it S — fi Yidim )
dx Pma 1+ Es (1 - Pr)(l - fv)(l + Ss) Tm dx

1 _ —fu mCpnl Uil dT,
H:—R€|:P1U1 <1— S = >]+ PnCpmlUi| ——

2 (1 =Pr)(1 — f,)(1 + &) 24,0501 —Pr|l — f|%) dx

(fi = F) dT,,
1 — | —(A avk as Asoi ksoi - 3
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These equations must be integrated along x direction to obtain solutions for pressure, volume velocity and
temperature values of system. For this study DeltaEC has been selected and numerical integration was conducted.

3. Methodology

DeltaEC provides a working environment where the components in the system can be individually added and
each of them is connected with the sequence [14]. The loop length of the thermo-acoustic engine considered and
modeled during this study is 5.4 m. The focus of this work is to obtain the performance variations which can be
obtained using a single thermo-acoustic and identifying its sensitivity for various working conditions.

The considered system had a length of 5.4 m with 72 mm diameter pipes and the designed frequency was 54 Hz.
The regenerator was from stacked stainless steel and spacing was 50 um. Regenerator length was of 22.6 mm. the
other parameters is shown in Table 1.

Model was validated with published works in literature and that was the basis of doing the sensitive parameter
variation to obtain the performance characteristics [11]. As shown in Fig. 2, the error between the numerical and
experimental results was calculated as around 8% for the pressure amplitude values. The same setup was used
throughout the process and geometries were kept constant.
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Table 1. Parameters of the thermo-acoustic engine.

Parameters Hot heat exchanger Ambient heat exchanger 1 Ambient heat exchanger 2
Porosity (%) 79.27 36.62 54
Length (mm) 14.5 22.2 29
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Fig. 2. The results comparison of numerical model and experimental data from McGaughy [11].
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Fig. 3. Volumetric velocity amplitude variation with ambient temperature.

4. Results

Using the numerical model, pressure amplitude, mass, acoustic wave volumetric amplitude and efficiency
variation were obtained for considered ambient (cold heat exchanger) temperature levels and pressure levels. The
effect of variation in ambient temperature for volumetric flowrate, pressure amplitude, and efficiency (Figs. 3-5)
is shown and, the variation in Acoustic (Eqot) and Total (Hgo) power under considered temperature conditions is
shown in Fig. 6.

The performance of the thermo-acoustic generator for different internal pressures were considered during this
study. The internal pressures were varied from 101.325 kPa to 201.325 kPa. In this scenario the ambient pressure
inside the loop has been varied while maintaining constant temperatures at cold (295 K) and hot (1110 K) heat
exchangers.

5. Discussion

As shown in Figs. 3 and 4, the main characteristics of the traveling acoustic generator are pressure amplitude
and the volumetric flowrate. From the results it is clear that the pressure and volumetric flowrate are increased with
the increment of the ambient air heat exchanger temperature. In Fig. 6 power variations with the position in the
thermo-acoustic engine can be observed and the places where the power increments and decrements occur can be
identified. 1-2 shows the ambient heat exchanger 1 and 2-3 is the regenerator part. 3—4 is the hot heat exchanger.
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Fig. 4. Pressure amplitude variation with ambient temperature.
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Fig. 5. Efficiency variation with ambient temperature.
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Fig. 6. Power along the loop for different temperature conditions.
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Fig. 7. Velocity amplitude variation with ambient pressure.
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Fig. 8. Pressure amplitude variation with ambient pressure.
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Fig. 9. Efficiency variation with ambient pressure.
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Fig. 10. Power along the loop for different pressure conditions.

And the 5-6 part is the ambient heat exchanger part. This information would be used in designing and analyzing
thermo-acoustic engines.

The energy transfer in the thermo-acoustic generator shows a steep drop in ambient heat exchanger 1(cold heat
exchanger). After the regenerator, the total power is increased while converting a portion of total energy into acoustic
energy. Secondary cold heat exchanger acts as the condenser of the heat engine and removes a certain amount of
energy from the cycle. When considering the acoustic power, it can be clearly understood that the increment of
acoustic power is caused by the regenerator due to the induced temperature gradient. When the ambient temperature
is the amount of total power in the loop is increased while converting certain amount into the acoustic power.

Ambient pressure inside the loop is varied and Figs. 7 to 10 show the variation of the same properties discussed.
Main observation shows an exponential decay of pressure amplitude and volumetric flow velocity. This leads in
lowering the efficiency of the cycle. Moreover, the total and acoustic power given by the regenerator has been
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decreased when the ambient pressure is increased. Also, it has been observed that the frequency of the system
linearly increases when the ambient temperature in the range considered for the study (285 K-335 K). Moreover, it
was noted that the frequency does not show any significant changes when the pressure is varied in the considered
range.

6. Conclusion

The study aims to obtain the performance variations of thermo-acoustic generators when the operational
parameters (ambient pressure and ambient temperature) are varied. The model was first validated using the results
in the literature and the validated model was used to predict the performance under different operational conditions.
It was found that the efficiency of the thermo-acoustic cycle increases (3.6%—13.2%) increasing the temperature of
the ambient heat exchanger (285 K-335 K) and decreases (4.54%—1.45%) when increasing the internal air pressure
of the thermo-acoustic generator (101.235 kPa to 201.325 kPa).
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