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This paper focuses on the numerical and experimental investigation of the small-
scale power generator. The travelling wave thermoacoustic power generator is
numerically analyzed and experimentally tested. The cyclic analysis is used to
carry out numerical analysis of the power generator. The system is operated on
atmospheric pressure, which allows the manufacturing of an acoustic feedback
loop using Polyvinyl chloride piping. The acoustic power generated inside the
generator is harnessed by the low-cost linear alternator, i.e., loudspeaker. The
effect of regenerator wire mesh on performance of the power generator is
numerically analyzed and validated experimentally. The numerical analysis
identifies the temperature variation, pressure fluctuation, volume flow rate
inside the system, and acoustic power distribution. The maximum electric
power experimentally generated by the small-scale power generator is around
45 W with overall efficiency 8.30%. The alternator generates the maximum
electric power at the optimum location, i.e. 2.30 m away from the engine core.
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1 Introduction

The utilization of low-temperature heat sources, such as solar energy and industrial waste
heat sources, has received a lot of attention due to concerns about global warming and the
depletion of fossil fuels. Various technologies have been invented at varying scales for
applications related to energy recovery. The acoustic counterpart of the traditional Stirling
engine is the traveling-wave thermoacoustic engine. It converts thermal energy to acoustic
energy by means of a Stirling-like thermodynamic cycle that is achieved through the use of a
compact acoustic network. In this technology the oscillating heat flow occurs when there are
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temperature gradient present in the engine. In the past few decades,
traveling-wave thermoacoustic engines received significant attention
owing to their unique characteristics. Nikolaus Rott’s (1980) has
developed a foundation theory for the linear approximation of the
continuity,momentum, and energy equations. The author also analysed
the flow of fluid and the heat transfer phenomenon inside the
thermoacoustics. Swift G.W. (1988) has used linear theory to
analyze the thermoacoustic engine. In this theory all oscillating
variables are assumed at angular velocity ω. Swift and Ward (1996)
have developed a code for thermoacoustic system analysis, DeltaEC,
i.e., Design Environment for Low-amplitude Thermoacoustic Energy
Conservation. In this analysis simulation of porous regenerator,
turbulence losses, losses due to change in cross section area, and
entrance-exit loss can be analysed. The benefits of both a linear
alternator and a thermoacoustic engine are combined in a
thermoacoustic generator, which produces electricity from low-
temperature heat sources with excellent reliability and effectiveness.
(S. Backhaus et al., 2004; Petach et al., 2004). When connected to
thermoacoustic engines, audio loudspeakers typically have low acoustic
impedance, which presents new design issues and concerns. Yu et al.
(2012) have carefully examined these problems both experimentally and
theoretically. An audio loudspeaker was installed as an alternator in the
looped-tube traveling-wave thermoacoustic engine to create a low-cost
thermoacoustic electric generator prototype. In addition, Chen et al.
(2012) described the development of inexpensive, two-stage traveling-
wave thermoacoustic generators that use cooking stove waste heat
energy to produce electricity. The thermoacoustic generator powered by
a propane stove generated about 15W of electricity by using an audio
loudspeaker as the alternator. Saha et al. (2012) have theoretically
analysed the double and multiple coil Halbach array alternator
structures. The reliability factor of the alternator suspension has
major impact on performance, according to the measured results
of the tested prototype, and a maximum acoustic-electrical
efficiency of 57% was determined. Huifang Kang et al. (2015)
have introduced the novel concept for installation of loudspeaker
as linear alternator to develop electric power. One alternator was
placed at the end of a branched stub, and the other was placed
within the engine loop to suppress the Geoden acoustic streaming.
Kalid O. A. et al. (2017) have numerically analysed the side branch
mounted alternator engine using DeltaEC code. The results
obtained from numerical analysis indicated that electric power
obtained is about 18.4 W, where experimentally it get 17.8 W with
overall efficiency 1.9%. Baiman Chen et al. (2017) have analysed
thermoacoustic engine using DeltaEC code. The analysis showed
that regenerator produces about 1868 W acoustic power at 550 K
temperature difference. Shendage et al. (2017) have analysed and
optimized design parameters of the Beta type Stirling engine with
rhombic drive using cyclic analysis. It provides the ideal power
output and heat input while taking into account overlapping
volume and breaks down the thermodynamic cyclic analysis.
Ahmed et al. (2018) have experimentally tested two stage
engine using push pull type linear alternator for effective
utilization of acoustic impedance. Krishna Gaikwad et al.
(2018) have discussed in detail the design procedure of
different parts of the thermoacoustic engine. To reduce the
experimentation time different regenerator can(s) were used.
The secondary heat exchanger is modified to enhance heat
transfer rate. Krishna Gaikwad et al. (2019) have numerically

analysed travelling wave thermoacoustic engine using CFD tool.
Three working fluids air, hydrogen and helium were tested in this
analysis. Yang et al. (2019) have performed experiments on 3-
stage thermoacoustic engine using five R-C variable loads to
measure generated acoustic power. The setup has thermal
efficiency of about 9.6% at 1950 hot exchanger temperature.
Krishna Gaikwad et al. (2021) have numerically and
experimentally analysed thermoacoustic engine using different
wire mesh. The numerical analysis generates power about 50 W.
Saechan and Dhuchakallaya, (2020) have analysed the influence of
stub position and its length in the looped tube thermoacoustic
engine. The engine operated at 65 Hz frequency using air at
atmospheric pressure. Liu et al. (2020) have analysed the
ability of three stage looped thermoacoustic engine for effective
thermoacoustic conversion and acoustic power transmission
using CFD tool. The suggested unequal-radius resonance tubes
assist in the implementation of impedance matching and acoustic
power amplification. Widyaparaga et al. (2020) have numerically
analysed the two thermoacoustic engine adjusting the phase lag
and acoustic energy. The analysis showed acoustic power flow in
negative direction for phase lag 300 and 600 and in positive
direction for 300 and 330. Mahesh and Patil, (2021) have
numerically analysed travelling wave thermoacoustic engine
considering wall Prandtl number as 0.85. In analysis six
monitoring points are considered to analyze generation and
transmission of acoustic wave. Daming Sun et al. (2021) have
investigate the working mechanism of thermoacoustic engine
with the unsteady onset process as the primary focus using a
unique nonlinear one dimensional unsteady model. The
computational results showed that the acoustic oscillations in
the transient onset process is greatly enhanced by thermal
conduction. Vorotnikov et al. (2022) have created a
mathematical equation for calculating the gas averaged
velocity. This analysis allows for the calculation of gas
averaged velocity and power produced by using the acoustic
impedance of the engine core and the dynamic pressure
distribution. Dhuchakallaya and Saechan, (2022) have
investigated the impact of an in-line phase-adjuster on a
thermoacoustic Stirling heat engine’s energy conversion
efficiency. The authors introduced the phase adjuster at the
end of resonance tube. Zilong Jia et al. (2022) have developed
free-piston Stirling generator simulator using SAGE software for
acoustic impedance matching. The setup produced electrical
power about 1040 W with overall efficiency of about 36.2%. Liu
et al. (2023) have examined and optimized the relationship
between the resonance tube structure and the hot-side heat
exchanger temperature using response surface methodology for
3-stage engine. The author also observed that increasing the
geometry of resonance tube and hot side temperature enhances
the generation of acoustic power. Ahmed and Jaworski, (2023)
have investigated a novel thermoacoustic engine without using
resonator tube. This engine developed electric power at about
120.5 W with efficiency 20.5%.

In the present work novel technique, cyclic analysis is used for
thermodynamic assessment of a travelling wave thermoacoustic
engine. In addition to this loudspeaker as linear alternator is
used and analysed with the help of cyclic analysis. The ultimate
objective of this research is to advance the development of low-cost
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thermoacoustic generators by demonstrating the potential of these
devices further. Further, the numerical analysis determines the
temperature variation, pressure fluctuation, volume flow rate
inside the thermoacoustic engine and acoustic power distribution
throughout the engine loop. Then experimentally the electric power
has determined for different mesh for different temperature
gradients for different locations of linear alternator.

2 Numerical analysis of thermoacoustic
power generator using cyclic analysis

In the numerical analysis of the travelling wave thermoacoustic
generator the cyclic analysis plays an important role. The
assumptions used in this cyclic analysis are fairly realistic and
mimic the real-world circumstances found in travelling wave
thermo-acoustic engine. All individual losses that are known to
exist, such as the pressure drop in hot and cold heat exchangers, the
loss from temperature swings, the ineffectiveness loss in the

regenerator, and the conduction loss from the wire mesh matrix
in the regenerator, are estimated. The analysis has been adjusted to
take into account the detailed heat losses and pressure drop inside
the engine’s expansion and compression space for non-sinusoidal
motion. All of these losses are considered to be independent of one
another and therefore independently calculated. According to the
analysis, the energy flow inside the engine is one-dimensional along
a direction of gas oscillation, and that extends from one terminal
to the next.

The analysis consists of the subsequent crucial steps:

i) to analyze fluctuations in pressure and volume across a
specific period of time.

ii) to determine the air’s mass in the specific intervals at the
compression and expansion spaces.

iii) determining the working fluid’s overall mass and its fraction
in each working space.

iv) to obtain the mass flow rate for a specific working space by
knowing the change in mass over a given interval.

FIGURE 1
(A) The block diagram of the segments in the numerical analysis of travelling wave thermo-acoustic system (B) The laboratory setup of small scale
travelling wave thermoacoustic power generator.
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v) understanding volume and pressure variations for different
work environments

The analysis identifies the temperature variation, pressure
amplitude variation, volume flow rate, and acoustic power
generated along the entire loop of the travelling wave
thermoacoustic generator. In the present thermoacoustic power
generator setup air at atmospheric pressure is used as working
fluid. The block diagram of numerical analysis and the laboratory
setup is shown in Figures 1A, B respectively.

Moreover using air at atmospheric pressure also reduces the
problem of leakages and need of high pressure seals. PVC
(Polyvinyl chloride) pipe is used for acoustic loop of the
power generator to reduce the cost of setup and boundary
layer phenomena. Use of PVC material also reduces friction
and viscous losses of gas in contact with the acoustic loop
walls as compared to metal surfaces. The main cold heat
exchanger, regenerator, hot heat exchanger, thermal buffer
tubes are made with SS347 for more reliable design and low
maintenance cost. Commercially available loud speaker is used as
linear alternator to extract the electricity from the acoustic or
pressure waves which are produced inside the thermoacoustic
engine. At the start of analysis volume of air occupied in cold heat
exchanger, hot heat exchanger and regenerator is calculated
using Eqs 1–3 respectively (Shendage, Kedare, and Bapat, 2017).

VCM � π

4
( ). D2

P( ).XP (1)

VEM � π

4
( ). D2

E( ).XD (2)

VRD � π

4
( ). D2

R( ).LR (3)

In cyclic analysis the temperature inside the regenerator varies
logarithmically along the length of the regenerator. At this two ends
of regenerator calculated using Eq. 4

TR � TE − TC( )
ln TE/TC( ) (4)

To calculate volume inside the cycle for the particular instant in
cold and hot heat exchanger using Eqs 5, 6 (Shendage, Kedare, and
Bapat, 2017),

VE � VEC + VEM ×
1 − cosφ( )

2
(5)

VC � VCC + VCM ×
1 − cos φ − α( )( )

2
(6)

The mass of air present inside the core of the generator is
calculated by considering Eq. 7

MC � pC · VC( )
R · TC( ) ,

MRD � pRD · VRD( )
R · TRD( )

ME � pE · VE( )
R · TE( )

⎫⎪⎪⎪⎪⎪⎪⎪⎪⎪⎬⎪⎪⎪⎪⎪⎪⎪⎪⎪⎭
(7)

At the start of the cyclic analysis the total mass of air is unknown,
so considering componentM · R is one. The temperature of hot and

cold heat exchanger are assumed to be constant. The regenerator
temperature is calculated logarithmically using Eq. 4.

p � M × R

VC/TC( ) + VRD/TR( ) + VE/TE( ){ } (8)

From Eq. 8 starting pressure p(1) calculated by calculating all
variables. The complete cycle is split into 12 intervals for ease of the
analysis. Here, hot heat exchanger temperature after first interval,
i.e., TE(2) is calculated considering TE(1), p(1), and an assumed
value of p(2).

For adiabatic compression, assuming

γ − 1( ) / γ � E (9)
TC 2( ) � TC 1( ) × p 2( )/p 1( ){ }E (10)

Here, value of TC (2) is calculated for the considered
value of p(2).

Eq. 11 (MartiniW., 1978), used to determine the generator mean
pressure, Pm

pm � pTOTAL

12
(11)

where,

pTOTAL � ∑I�12
I�1

P I( ) (12)

For each interval of cycle, Eq. 13, determines the working fluid
mass fraction of the total mass of the gas in hot heat exchanger (FE),
cold heat exchanger (FC), and regenerator (FR).

FE I( ) � p I( )VE I( )
MRTE( )

FC I( ) � p I( )VC I( )
MRTC( )

FR I( ) � p I( )VR I( )
MRTR( )

⎫⎪⎪⎪⎪⎪⎪⎪⎪⎪⎬⎪⎪⎪⎪⎪⎪⎪⎪⎪⎭
(13)

The mass flow rates in hot heat exchanger (WES) and cold heat
exchanger (WCS) are calculated using Eqs 14, 15 (Shendage, Kedare,
and Bapat, 2017).

WES I( ) � FE I + 1( ) − FE I( )[ ] × M × Mw ×
N

φ/360( ) (14)

WCS I( ) � FC I + 1( ) − FC I( )[ ] × M × Mw ×
N

φ/360( ) (15)

From Eq. 16 computed the ideal power acoustic power generated
(Martini, 1978),

IPOW I( ) � ∫I�12

I�1
p I( ) × dUT I( ) (16)

The generated acoustic power transmitted to the linear alternator
through feedback pipe can be computed using the time average of the
dot product of the dynamic pressure and the piston velocity,

Wapplied � p t( ) · U t( ) (17)

The average acoustic power, supplied by an alternator moving
piston of area Aalt is given by:
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Wapplied� 0.5 · p∣∣∣∣ ∣∣∣∣ · U| | · cos ø (18)

Thus,

Wapplied� 0.5 · p∣∣∣∣ ∣∣∣∣ ·A · ω· S| | · cos ϕ( ) (19)

The loss analysis in the travelling wave thermoacoustic engine
and its effect was discussed in a prior article (Mahesh and
Patil, 2020).

2.1 Numerical analysis of loudspeaker as
linear alternator

An alternator’s transduction efficiency is only influenced by its
individual electrical and mechanical characteristics and is not
influenced by the acoustic field inside the thermoacoustic engine.
In order to maximize thermodynamic conversion efficiency and
minimize losses from acoustic power transmission, the entire
system’s design should be centered on optimizing the acoustic field
within the thermoacoustic engine. However, when acoustic waves
travel through the diaphragm, the alternator results in significant
pressure drops and, consequently, abrupt drops in acoustic
impedance. Usually, a branch stub is needed for compensating this
effect. The effective area of loudspeaker moving diaphragm S has
moving due to the oscillating wave acoustic pressure. The total
moving mass Mm include mass of diaphragm and mass of coil.
The stiffness of loudspeaker and resistance of coil are shown by K
and R respectively. The resistance and inductance of electric coil are
shown by Le and Re respectively. The pressure drop and volumetric
velocity at the diaphragm are represented by Δp and U1 respectively.

All parameters are assuming linear and independent from
frequency, also neglecting losses due to hysteresis, the model
shown in Figure 2 can be characterized approximately by the
following linear equations, (Kang, et al., 2015),

Δp � BlI1
S

+ Rm + j ωMm − km
ω( )

S2
UT (20)

BlU1

S
� Re + Re + jωLe( )I1 (21)

The acoustic power supplied to alternator PAlt, in is given as

PAlt,in � 1
2

p1

∣∣∣∣ ∣∣∣∣ U1| |cos(∅1) (22)

In Eq. 22 ∅1 represents the phase between the pressure, p1 and
volume flow U1.

However, the power which oscillates the alternator is,

PAlt,out � 1
2

p2

∣∣∣∣ ∣∣∣∣ U1| |cos(∅1) (23)

The alternator utilizes the generated acoustic power PAlt is

PAlt � 1
2
Re ΔpU1[ ] � PAlt,in − PAlt,out (24)

The load resistor absorbed some electric power which
calculated as,

Pe � 1
2
RL I1| |2 � 1

2
VL| |2
RL

(25)

In Eq. 25 |I1| is the amplitude of current.
The efficiency from acoustic power to electric power can be

computed as,

ηacou−elect �
Pe

PAlt
(26)

Further substitute the Eqs 20, 21 into Eq. 24 leads to

PAlt � 1
2

U1| |2
S2

Rm + Bl( )2Re

Re + RL( ) + ω2L2
e

+ Bl( )2RL

Re + RL( ) + ω2L2
e

[ ] (27)

From Eq. 27 not considering the effect of coil inductance, the
load resister can extract electric power as (Kang et al., 2015),

PElect � 1
2

U1| |2
S2

Bl( )2RL

Re + RL( )2[ ] (28)

The alternator can extract maximum power, when Re is equal
to RL,

PElectmax � 1
8

U1| |2
S2

Bl( )2
Re( )2[ ] (29)

FIGURE 2
Schematic of the loudspeaker.
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In this current work the loudspeaker has product ω·Le is very less
than Re or RL. So substituting Eqs 27, 28 into the Eq. 26, the
approximate efficiency is,

ηalt �
Bl( )2RL

Rm Re + RL( )2 + Bl( )2 Re + RL( )[ ] (30)

RL � Re

��������
1 + Bl( )2

RmRe

√
(31)

The maximum efficiency obtained when Re = RL

ηaltmax �
Bl( )2

�������
1 + Bl( )2

RmRe

√
RmRe 1 +

�������
1 + Bl( )2

RmRe

√( )2

+ Bl( )2 1 +
�������
1 + Bl( )2

RmRe

√( ) (32)

The maximum electric power calculated using (Kang
et al., 2015)

PElectmax � 1
8
×

Bl( )2 x 2
max

r
ω2 (33)

From Eq. 33 the maximum electric power generated is
proportional to ω2. For the present work the alternator generates
the electric power output proportional to |U1|

2 according to Eq. 29.
The alternators positioned in the thermoacoustic engine is in the low
impedance regions, which obtains a relatively high volumetric
velocity. To investigate the effect of operating and geometric
parameters of the thermoacoustic engine the cyclic analysis is
used. The length of the acoustic loop of thermoacoustic engine is
about 4.13 m. For the analysis purpose cycle is split into 12 equal
intervals. At the start of the cycle operating and geometric
parameters are as follows illustrate in Table 1,

2.2 Result and discussion on cyclic analysis

The above-mentioned simplified model offers an extremely
helpful qualitative comprehension of the behaviour of the
thermoacoustic power generator taken into consideration in this
paper. This section’s discussion of the simulation results is
predicated on the prototype’s final design, the details of which
are provided in the following section. This will enable
comparisons between the simulations and experiments in order
to validate the model. To make the current prototype’s construction

and operation simpler, atmospheric air is used as the working gas.
The increased frequency has the effect of increasing the ideal
acoustic power produced. At the same time losses in the
thermoacoustic engine may increase drastically than the ideal
acoustic power. Figure 3 represents the influence of the
frequency on the generation of the acoustic power in the
thermoacoustic engine. The thermoacoustic engine delivers the
maximum acoustic power at around 78 Hz.

The variation of the air temperature in the cold heat exchanger,
hot heat exchanger, and regenerator space is shown in Figure 4. The
temperature within the cold and hot heat exchanger spaces rises as
the total volume decreases before volume increasing once again. As
the volume increases, the gas cools due to expansion, and the
temperature in the compression and expansion spaces decreases.

The pressure amplitude distribution over the 4.13 m long
thermoacoustic engine loop is shown in Figure 5. The pressure in
the engine loop has twomaximum and twominimum amplitudes, as
well as three sudden drops. One is due to wire mesh screens at
regenerator space, second at the stub section of engine and third one
is at alternator area. There is a significant amount of acoustic power
extracted by the linear alternator. The regenerator RReg, flow
resistance causes the first pressure drop. The second is induced
by an area change at the stub section RStub, and third is brought on by
acoustic resistance RAlt initiated by the speaker. The alternator is

TABLE 1 Operating and geometric parameter for analysis.

Sr No. Parameter Unit

1 Hot heat exchanger temperature, TE 460°C

2 Cold heat exchanger temperature, TC 27°C

3 Engine pressure, Pcharge 1 bar

4 Cold side gas piston diameter, XP 45 mm

5 Hot side gas piston diameter, XD 45 mm

6 Length of the regenerator, LR 45 mm

7 No of wire mesh in the regenerator, MESHNO 230

FIGURE 3
Effect of frequency on the generation of the acoustic power.

FIGURE 4
Temperature variation in the cold heat exchanger space, hot heat
exchanger space, and regenerator space.
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positioned in the vicinity of the highest pressure amplitude. All other
portions of the engine loop experience smooth pressure amplitude
variations.

Figure 6 illustrates the variation of volumetric velocity along
the thermoacoustic engine’s acoustic loop. Along the length of
the engine, this graph shows three maxima and three minima.
The main cold heat exchanger has the minimum volumetric
velocity, followed by the stub section and at an alternator it’s
very low where it extracts velocity. Low volumetric velocity inside
the regenerator minimizes large viscous loss. Due to the
considerable temperature gradient, the volumetric velocity
significantly increases along with the regenerator. The
volumetric velocity is seen to drastically increase at the stub
position. Smooth fluctuations in volumetric velocity occur across
the thermoacoustic engine’s various areas.

The acoustic power distribution along engine loop for various
wire mesh screens is illustrated in Figure 7. In comparison to other
wire mesh, the wire mesh 60 strands/inch performs well. According
to the analysis, the main cold heat exchanger receives about 34 W of
acoustic power, from which it dissipates 3.6 W, and reaming 30.4 W
transferred the cold end of the regenerator. The amplified acoustic

power level coming from the regenerator’s hot end is approximately
109.6 W, which represents an increase in the acoustic power level
inside the regenerator. 7.7 W of acoustic power is dissipated in the
region between the hot heat exchanger and thermal buffer tube.
Then, approximately 12.5 W of acoustic power was dissipated in the
stub area. The alternator harnessed about 87.3 W of acoustic power
from total supplied power. The acoustic feedback loop dissipates
about 3.08 W acoustic power. The cyclic study reveals that the
alternator produces 50.22 W of electrical power. The thermal
power supplied to engine through hot heat exchanger is around
540 W. The results obtained from the cyclic analysis were around
16.66% for the thermal to acoustic efficiency (T-A), 57.52% for the
acoustic to electric efficiency (A-E), and 9.3% for the thermal to
electric efficiency (T-E).

Five stainless steel wire mesh can(s) with wire mesh numbers
30, 40, 60, 70, and 80 strands per inch are tested within the
regenerator to evaluate the performance of the thermoacoustic
engine. The numerical analysis results of the regenerator
temperature gradient and generated electricity are plotted on
the graph as shown in Figure 8. When the temperature gradient
across the regenerator reaches a specific threshold value, the

FIGURE 5
Pressure amplitude along engine loop.

FIGURE 6
Volumetric velocity along engine loop.

FIGURE 7
Acoustic power along engine loop.
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acoustic fluctuations begins. For mesh size 30 strands/inch, the
oscillations began at nearly 206°C. The pressure drop and
prolonged acoustic oscillation occurred due to fine meshing
which creates obstacle to acoustic wave (Fujita et al., 1983).
As a result, oscillations started for fine mesh with 80 strands/
inch at a temperature of approximately 282°C. The numerical
results showed that maximum electric power generated for wire
mesh 60 stands/inch is about 50.22W as compared to other wire
mesh. Table 2 represents the electric power generated for
different wire mesh.

3 Experimental setup

A thermoacoustic generator prototype has been built based
on the current concept and the comprehensive simulation
outcomes. The travelling wave thermoacoustic engine has been
built using acoustic feedback loop. The engine has a looped type
acoustic structure and is constructed of 2 inch diameter PVC
(Polyvinyl chloride) pipe with 900 bends. The connecting flanges
are ASME grade 316L and class 300. The cross-sectional area of
the acoustic loop remains constant during its entire length. The
system was developed for atmospheric pressure and electric
heater is used to supply heat. The alternator and
thermoacoustic engine core are the two main parts of the
engine. The indirect thermal contact between two flowing
streams, i.e., cold water and air, is provided by a single pass
counter flow main cold heat exchanger.

The cold heat exchanger designed such way that it causes a
minimum pressure drop in either flowing streams. The main cold
heat exchanger uses water at room temperature to remove heat from
the working fluid. The air is passing through the 2 mm diameter
forty copper tubes which are surrounded by water jacket. The main
cold heat exchanger is constructed of SA 347 and has a length of
98 mm, an external diameter of 60.3 mm, and an internal diameter
of 42.9 mm. Its porosity is 8.7%. With an external diameter of
48.8 mm, the regenerator body is constructed from SA 347. The
regenerator internal diameter in the present thermoacoustic engine
is larger than the other components to account for acoustic
impedance (Saechan and Jaworski, 2018). Additionally,
regenerator length is altered experimentally by employing
various wire mesh can(s), which significantly cuts down the time
needed for engine disassembly and installation (Mahesh and Patil,
2018). A 45 mm long regenerator made up of the 230 discs is
assembled and placed within a stainless steel container. The
regenerator has a hydraulic radius of 0.0871 mm and a porosity
of 65%. The thermoacoustic engine is powered by using a 0.6 kW
electric heater. In actual use, it delivers 540 W power due to some
manufacturing defects or heat losses. The hot heat exchanger has
porosity of about 20.1% and it constructed using stainless steel
347 and has internal and external diameters of 42.9 mm and
60.3 mm, respectively, and a length of 150 mm. The thermal
buffer tube’s first section is an 80 mm long straight pipe with a
42.9 mm internal and 60.3 mm external diameter. To prevent
Rayleigh streaming the next portion of tube is made with an
internal taper of 2.60 (Backhaus S. and Swift G.W., 2000). The
stainless steel cylinder with an internal diameter of 98 mm and an
outer diameter of 152 mm is brazed to the copper pipe with an
internal diameter of 42.9 mm and a thickness of 8 mm to
manufacture the secondary cold heat exchanger. The engine is
built to operate with air that is at atmospheric pressure. The
average engine pressure variation, which corresponds to the
acoustic pressure, is often less than 0.1 bar. Therefore, the
acoustic feedback loop is built using PVC pipes. When
compared to metal surfaces, the use of PVC material for acoustic
loops also reduces friction and viscous gas losses in contact with
acoustic loop walls. According to the computed frequency up to
78 Hz by the cyclic analysis, the current research work has chosen
an acoustic loop with a total length of 4.13 m (Saechan and
Jaworski, 2018). In order to change the impedance between the
linear alternator and the thermoacoustic engine, a stub section is
inserted to the acoustic loop system. To modify the impedance, a
solid piston fits inside an extended PVC pipe at the T-section (stub

FIGURE 8
Numerical analysis result of electric power generated for
wire mesh.

TABLE 2 Electric power generated from the analysis for different wire mesh at temperature range.

Sr No. Wire mesh size,
(strands/inch)

Initial
temperature, (0C)

Initial electric
power, (W)

Maximum
temperature, (0C)

Max. Electric
power. (W)

1 30 206 12.3 356 38.9

2 40 217 15.7 367 47.7

3 60 252 29.7 402 50.22

4 70 269 7.4 419 46.7

5 80 282 7.7 432 43.3
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section) of the acoustic loop system. To extract the acoustic power
produced and amplified inside the thermo-acoustic engine, the
alternator is mounted inside an M.S. cylinder with a diameter of
210 mm and a length of 300 mm. In order to harvest the acoustic
energy produced inside the thermoacoustic engine and transform it
into electrical energy, the audio loudspeaker is used as a linear
alternator as shown in Figure 9.

The conventional 50 W audio loudspeaker 5-inch subwoofer as
linear alternator is utilized due to market availability. Table 3
indicates the instrumentation specifications of thermo-acoustic
engine and Table 4 provides a comparison of various
loudspeakers and their specifications. The load resistance is set to
9Ω to extract electrical power from the alternator (loudspeaker).
Voltmeters (resolution 0.001 V) and ammeters (resolution 0.01 A)
are used to measure the voltage and current.

FIGURE 9
Mounting arrangement for loud speaker.

TABLE 3 Instrumentation specifications of thermo-acoustic engine.

Sr No. Name of the Instruments Specification

1 K-type thermocouples to measure Range: 0°C–1,200°C

Least count: 1°C

2 Wattmeter Accuracy: within 1.0% of full scale value, overload capacity: 120%, rated voltage:
600V, current 10 A

Operating Principle: Electrodynamometer type

3 Voltmeter resolution 0.001 V, accuracy: ±1%

Operating Principle: Permanent moving coil

4 Ammeter resolution 0.01 A, accuracy: ±1% meter current: 1 mA at full scale

Operating Principle: Permanent moving coil

5 Linear alternator 50 W, 8-inch subwoofer Frequency 55Hz, electrical inductance 0.68 mH, electrical
resistance 5.5Ω, moving coil 21.3 g, stiffness of coil 4,345 kg/s, resistance of coil 6.8
Ω, diaphragm displacement ±5.6 mm, effective area of diaphragm 187 mm

TABLE 4 Loud speakers specifications.

Sr No. Description Symbol Nominal values

40W 5″ 50W 8″ 100W 12″

1 Frequency F (Hz) 95 75 45

2 Force Factor Bl (Txm) 6.5 10.2 13.3

3 Electrical Inductance Le (mH) 0.7 0.68 1.2

4 Electrical Resistance Re (Ω) 4.2 5.5 8.0

5 Moving Mass of Coil Mm (g) 11.9 21.3 36.3

6 Stiffness of Coil K (Kg/s) 4,225 4,345 4,336

7 Resistance of Coil R (Ω) 4 6.8 10.2

8 Diaphragm Displacement Xdisp (mm) ±3.3 ±5.6 ±6.4

9 Effective Area of Diaphragm Aalt (mm2) 124.0 180.0 281.0
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4 Results and discussion

The thermoacoustic engine is operate from ambient
temperature in all experimental testing. Maximum temperature
of the hot heat exchanger is kept at about 460°C. For all tested
wire mesh, the output acoustic power generated is lower than the
predicted one because of convective heat loss from the hot heat
exchanger. The impedance matching stub is adjusted manually at
200 mm from T-section of loop which supplied the maximum
acoustic power to the linear alternator.

4.1 Variation of regenerator temperature

Four K-type thermocouples are used to measure the internal
temperature of the thermoacoustic engine. One at the hot heat
exchanger and three within the regenerator section. The
oscillation of gas parcels enhances the rate of heat transfer
from the hot heat exchanger to the regenerator after the onset
temperature is reached in the regenerator section for different
wire mesh. The temperature inside the regenerator becomes
almost steady when the acoustic oscillations achieve
equilibrium, as illustrated in Figure 10.

4.2 Linear alternator optimum location

The optimum location for the linear alternator along the
looped tube thermoacoustic engine is identified after analyzing
the five different locations. With x = 0, the main cold heat
exchanger provides as the starting point for the layout of
other components within the thermoacoustic engine loop. The
analysis identifies a computed frequency of about 78 Hz from
which the acoustic loop length is selected up to 4.13 m. In
Figure 11, the linear alternator’s position is plotted against the
amount of electricity produced at a frequency of 78 Hz. Results
obtained for maintaining hot heat exchanger temperature 460°C
the maximum electric power generated of about 44.9 W location
x = 2.32 m.

4.3 Electric power generated inside
the engine

The results of the numerical analysis and experimental testing of
the electric power produced for the temperature gradient along the
regenerator are presented in Figure 8; Figure 12. The result indicates
the linear relation in between it (Abduljalil et al., 2011).

The mesh with 60 strands/inch produces the maximum electric
power of about 44.9 W, with the overall efficiency of about 8.3% higher
than that of the other examined meshes. As the mesh size advances
from 30 strands/inch to 40 strands/inch, the amount of electricity
generated increases from 38.8W to 47.8W. However, as the fineness of
the mesh increases from 70 strands/inch to 80 strands/inch, less electric
power is generated. For mesh sizes of 70 strands/inch and 80 strands/
inch, the pressure drop due to fine meshing dominates the acoustic
power generated inside the engine, which has an impact on the electric
power produced by the linear alternator. At atmospheric pressure, losses
are more dominated to power generation (Abduljalil et al., 2011).
Table 5 represents generation of electric power for different wire
mesh inside the thermoacoustic engine.

However, there is some discrepancy between the cyclic analysis
predictions and the experimental outcomes. There are several possible
clarifications: To begin with, the simulation does not account for the

FIGURE 10
Regenerator temperature variation for different wire mesh.

FIGURE 11
Optimum location of alternator in acoustic loop vs. generated
electric power.

FIGURE 12
Experimental electric power generated for different wire
mesh sizes.
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significant heat loss that occurs in experiments. Secondly the acoustic
field induced inside the engine is complicated and highly dependent
on the individual component’s dimensions. The actual engine’s
acoustic fields are altered because of a small discrepancy between
the original design and the actual parts. The acoustic field has been
partially corrected by the stub section, but more study is required to
determine the ideal acoustic field in such a complex system. The
mechanical losses in alternator section is bit more which has to be
overcome in further works. To minimize power loss due to Joule
heating inside the coil, the alternator’s electrical resistance should be
small, and its Bl factor should be high to maximize conversion
efficiency. To remove the reactive component of the alternator
impedance, the generator should run at the resonance frequency of
the alternator. But, because the frequency will rise slightly as the
engine’s gas heats up during operation, it is not always possible to
match the frequency precisely. Nonlinear acoustic behaviour is
present in the tested rig, and the pressure amplitude is
comparatively larger. However, first time cyclic analysis is used in
analysis of thermoacoustic engine and alternator response, which does
not account for any nonlinear effects.

5 Conclusion

The looped tube thermoacoustic engine arrangement with the
linear alternator has undergone thorough numerically and
experimentally analysis. The pressure distribution and the
generation, dissipation, and consumption of acoustic and electric
power in the thermoacoustic engine is analysed thoroughly using
cyclic analysis. The analysis results was used as a reference for building
the test equipment, and it was then fine-tuned and adjusted to
represent the travelling wave thermoacoustic engine’s actual
behavior. The engine is built for a 78 Hz operating frequency to
generate the highest power. Analytical and experimental testing of the
five various wire mesh sizes 30, 40, 60, 70, and 80 strands/inch
produced results with less than 10% variation. The design was
made “flexible” using PVC piping in order to manage the total
loop length and the position of the linear alternator with reference
to the thermoacoustic engine core. In order to generate electricity
from acoustic waves, a standard loudspeaker has been utilized as a
linear alternator. According to numerical study, the alternator in a
thermoacoustic engine extracts about 87.3 W of acoustic power and
generates 50.22W of electric power. Based on the investigation, the
ratios of thermal to acoustic efficiency (ηT-A) and acoustic to electric
efficiency (ηA-E) and thermal to electric efficiency (ηT-E) are around
16.66%, 57.52 percent, and 9.3%, respectively. The linear alternator is

positioned at optimal distance of x = 2.32 m away from engine core
which produces the maximum electric power of about 44.9 W with
78 Hz frequency. The thermoacoustic engine produces a maximum of
about 44.9W of electric power for wire mesh 60 strands/inch, with an
overall conversion efficiency of about 8.3%.
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TABLE 5 Experimental electric power generation for different wire mesh.

Sr No. Mesh size
(strands/inch)

Wire
diameter (mm)

Numerical analysis-
electric power, (W)

Experimental analysis-
electric power, (W)

Overall
efficiency, (%)

1 30 0.330 38.9 29.6 5.47

2 40 0.254 47.8 34.3 6.34

3 60 0.191 50.2 44.9 8.30

4 70 0.165 46.7 41.8 7.73

5 80 0.140 43.4 36.2 6.69
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Nomenclature

A area, m2

Af mean sectional area in void space within matrix, m2

AR area of the regenerator, m2

CV specific heat of the gas at constant volume of a gas, J/kg K

CP specific heat of the gas at constant pressure of a gas, J/kg K

Cr heat capacity ratio

Cm Specific heat of the regenerator matrix at constant pressure, J/kg K

Crs heat capacity of regenerator J/K

dm thickness of wire in screens of regenerator, m

DP diameter of the hot heat exchanger, m

DE diameter of the cold heat exchanger, m

DR diameter of the hot regenerator, m

DRMT change in the matrix temperature, K

FC fraction of the mass of the gas in the compression space, kg/mol

FE fraction of the mass of the gas in the expansion space, kg/mol

FR fraction of the mass of the gas in the regenerator space, kg/mol

f friction factor

FF fill factor for the mesh (solid part/volume of the mesh)

h convective heat transfer coefficient, kW/m2 0C

hmean mean heat transfer coefficient, kW/m2 0C

Qcmx conduction loss through regenerator matrix, W

IPOW ideal power output from the system, W

Kmx effective thermal conductivity of the regenerator matrix, W/m k

Kg gas spring stiffness, N/m

kgas thermal conductivity of working fluid, W/m k

Km thermal conductivity of the matrix, W/m k

LR length of regenerator, m

M total mass of the working fluid in the working space, kg

MC mass of fluid in the hot heat exchanger, kg

MRD mass of fluid in regenerator space, kg and

ME mass of fluid in cold heat exchanger, kg

Mmx mass of the regenerator matrix, kg

NTU number of transfer units

Nud Nusselt number of packed wire screens

N number of wire mesh screens

Pm mean gas pressure inside the engine, bar

PTOTAL sum total of pressures in each interval of the cycle, bar

QR heat stored by the regenerator matrix, Joule

QTS loss due to the temperature swing, W

R Universal gas constant, J/mol K

RE(I) acoustic power generated in the engine, W

Re Reynolds number

Tm matrix temperature, K

Tf fluid temperature, K

TR regenerator temperature, K

TE heater or hot side temperature, K

TC cold side/space temperature, K

Tloss temperature loss in regenerator, K

TExp expansion space temperature, K

ΔT temperature difference across regenerator, K

umatrix flow velocity within the matrix, m/s

VCM working volume of hot heat exchanger, m3

VEM working volume of cold heat exchanger, m3

VRD working volume of Regenerator, m3

VE expansion space volume, m3

VC compression space volume, m3

VT total volume for power generation

VEC clearance volume of the cold heat exchanger, m3

VCC clearance volume of the hot heat exchanger, m3

WR mass flow rate in regenerator, kg/h

WES mass flow rates in cold heat exchanger, kg/s

WCS mass flow rates in hot heat exchanger, kg/s

WRS mass flow rate through the regenerator space, kg/s

XP lengths of hot heat exchanger, m

XE lengths of cold heat exchanger, m

Greek
Letters

εreg regenerator effectiveness

ξ thermal effectiveness

ρo density of wire mesh matrix material, kg/m3

Δ difference

η efficiency, %

γ ratio of the specific heats

ϕ phase angle, degree

α phase difference between gas pistons of expansion and compression
region

ω angular velocity, rad/s

λ acoustic wavelength, m

Subscripts

C, P compression space or hot heat exchanger region

E expansion space or cold heat exchanger region

RC interference between regenerator and heater

RE interference between cooler and regenerator
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I interval

NTU number of heat transfer units

R regenerator region

max maximum

min minimum
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