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Abstract - In this paper, the influence of the stack length and stack position on the performance of the thermoacoustic engine is
numerically investigated. In the thermoacoustic engine (TAE), thermal energy is converted into acoustic energy which can be utilized
for various applications. Here, two stack lengths and five stack positions are used to study their effect on the parameters of the developed
acoustic wave. The two stack sizes are 5% and 15% of the length of the resonator tube, whereas the stack centre position is varied between
10% to 50% of the resonator length. The results are given in terms of the pressure, axial velocity, and frequency of the acoustic wave.
These quantities are observed at three different locations in the resonator tube, i.e., sensor 1, 2, and 3. The results indicated that longer
stack produced the sound wave with higher intensity and higher frequency as compared to the shorter stack. Moving the stack away from
the closed end of the resonator increased the frequency of the wave, whereas the pressure and velocity increased until a maximum peak
was reached, and then started to decrease.
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1. Introduction

The conventional energy systems, such as, the internal combustion engines and the vapor compression refrigerators pose
a serious threat to the environment due to their harmful emissions [1, 2]. Thermoacoustic engine (TAE) uses thermal energy
from a heat source to produce acoustic work [3], while the thermoacoustic refrigerator (TAR) utilizes the acoustic energy to
obtain a temperature gradient [4]. Unlike conventional engines and refrigerators which require moving parts, maintenance,
and hazardous refrigerants [5], thermoacoustic engines use environmentally friendly fluids, have no moving parts which
reduces maintenance needs, and have low costs. Thermoacoustic devices can be classified as a green technology since they
can utilize waste heat [6] or renewable sources as the thermal energy input. Thermoacoustic devices consist of three main
components: the stack, hot and cold heat exchangers, and the resonator tube. The stack is the main component of any
thermoacoustic device. The thermoacoustic stack is a porous solid material that allows for heat transfer between the fluid
and the plates of the stack [7]. The thermal contact between the stack and the working fluid in the standing wave should be
imperfect. It should not be too weak that no heat transfer happens between the stack and the working fluid, nor too strong
where the working fluid's viscous properties will stand in the way of the oscillation of the fluid [8].

Despite the potential these devices hold, their low efficiencies stand in the way of their commercialization. When
compared to other conventional methods for energy production and refrigeration, thermoacoustic devices have considerably
lower efficiencies and coefficients of performance. This drawback led many researchers to investigate thermoacoustic
devices both experimentally and numerically to come up with optimum design parameters. Wantha [9] conducted an
experimental investigation on the influence of stack geometry on the cold side temperature of a TAR. Between the spiral
stack, the circular pore stack, and the pin array stack, the pin array stack yielded the lowest cold temperature. However, their
work suggested the use of the spiral stack due to easier manufacturing. The stack position was mentioned in the work of
Kajurek and Rusowicz [10], where they experimentally investigated the performance of a thermoacoustic device. In their
work they concluded that a wrong stack location will worsen the performance, however their work did not provide a
recommended stack position.

The geometry of the resonator is also an area of investigation for the researchers in this area. Agustina et al. [11]
concluded in their experimental investigation, that the cylindrical resonator achieved the lowest temperature gradient of
7.5°C when compared with the tapered and squared resonators. The influence of the resonator's length and diameter was
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covered by Ghazali et al. [12]. Their experimental results concluded that increasing the diameter of the resonator gave
a higher temperature gradient. They suggested that the higher temperature gradient was due to the increase in the number
of plates that comes with the increase of diameter. Their work also concluded that the resonator's length does not affect
the performance that much.

Apart from experimental work done in the thermoacoustic area, many numerical investigations have been conducted
to optimize the performance of these devices. Yu et al. [13] used Ansys/Fluent to simulate a 300 Hz standing wave
engine of an already existing experimental engine. Their work aimed at modeling the experimental engine with similar
conditions to achieve fair comparison of results. Their findings in resonant frequency, onset temperature and pressure
amplitude were a good match to the experimental data. Qiu et al. [14] numerically proved that the stack plate spacing
plays an important part in the performance of TAR. Their results showed that the optimum stack plate spacing is 2.6-
2.7 times &k, where 9y is the thermal penetration depth. The thermal penetration depth is the distance surrounding the
stack plate where thermoacoustic effects are present [4]. This finding was also supported by Nouh et al. [15] where their
numerical study concluded that the optimal stack spacing was 2.45x.

The literature shows that CFD can be a great tool to investigate thermoacoustic systems further. Many different
parameters come in the picture when designing and optimizing the thermoacoustic device. While the literature covers
many aspects of this technology, there is still a need for clearer guidelines and design specs for obtaining a high
efficiency thermoacoustic device. This study highlights the importance of the stack length and position in designing and
optimizing the thermoacoustic engine.

2. Methodology

The numerical analysis is carried out in Ansys/Fluent. Figure 1 shows the computational domain. The resonator tube is
closed at one end and open at the other end to produce the travelling wave. The length (L) of the resonator tube is 45cm with
a radius of 6.75mm and TAE stack is housed inside it. The top and left walls are prescribed with no-slip condition and with
zero heat flux. The walls of the stack are also provided with no-slip condition. The bottom wall is provided with axisymmetric
condition so that the computational domain represents only one-half section of the full circular tube. The left end of the TAE
stack is heated at 1000K temperature, and the cold end is maintained at room temperature of 300K. The horizontal walls of
the stack are imposed with the temperature gradient of 1000K to 300K. The domain is fitted with structured mesh with fine
spacing near the walls. The time step of 1x10° second is chosen to satisfy the condition of CFL number < 1. The numerical
model solves the Navier-Stokes and the energy equations which represents the conservation laws of mass, momentum, and
energy. The governing equations are given in Table 1. Air is used as the working fluid with density subjected to ideal gas
law. The k-¢ turbulence model is used to account for turbulence and to allow for the development of acoustic wave. The
position of the TAE stack and its length is varied to observe the changes in the output parameters, i.e., pressure, axial velocity,
and frequency of the developed acoustic wave. Two stack lengths of 5% of L and 15% of L are used. Each stack is placed at
five different positions, i.e., 10% - 50% of the resonator length.
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Fig. 1: The computational domain with the stack
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Table 1: The governing equations

Conservation of mass o(p) 1o(rpve) O(pvy)
+— +
ot r or oX
where p and v are the density and velocity, respectively. The radial and

axial coordinates are represented by r and x. Time is represented by t. The
subscript f means fluid.

Conservation of momentum o(pv) .
V.(o.W) =-Vp+V.(t
o +V.(W) p+V.(7)

where p and tare the pressure and stress tensor, respectively.

Conservation of energy for o(p.E A N A
e fuc KB, v (9 E4p) = V.IRVT+(:9)]

where E, Kk, and T represent the internal energy, thermal conductivity,
and temperature, respectively.

Ideal gas law p=pRT
where R is the gas constant.
Conservation of energy for T,
the solid part of the stack psC, o V.(KVT))

where C is the heat capacity. The subscript s is for solid.

The thermal penetration depth (8x) and the viscous penetration depth () play a very important role in the working of
the thermoacoustic engine. These depths define how far the heat and momentum can diffuse, respectively, and are of immense
importance in the design of the stack. Equation 1 and Equation 2 show the mathematical representation of these lengths:

5 = |-2K L
pc,®

3, = \/E (2
pw

where, k is the thermal conductivity, p is the density, ¢, is the heat capacity, and p is the viscosity of the working gas. The
values of these parameters are given is Table 2. The w is the angular frequency and is represented as: ® = 2xnf, where f (Hz)
is the frequency of the developed acoustic wave. For a standing wave thermoacoustic engine, the wavelength (1) of the
acoustic wave is 4 times the length of the resonator. Therefore, the theoretical frequency is calculated by Equation 3:

cC ¢
f: —_—= 3
A 4L ®)
where, ¢ is the speed of sound in the medium.

For successful working of TAE, an imperfect thermal contact is required between the working gas and the stack plates. This
condition is fulfilled when the spacing between the stack plates is a few times of the thermal penetration depth. In this
analysis, the distance between the stack plates is set to be 3.3 times .
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3. Results

Figure 2 shows the results represented in terms of the rms values of pressure and axial velocity of the acoustic wave.
Sensor 1 and sensor 2 are placed at 1cm and 2cm from the cold end of the stack, respectively. While sensor 3 is placed at the
exit of the resonator tube. The results show that the maximum pressure is observed at sensor 1 location while the velocity is
minimum here. Keeping the stack fixed at one position, the pressure of the acoustic wave decreases as we go along the
resonator tube while its velocity increases. This confirms the development of the standing wave as there is a pressure node
at the exit of the tube and the velocity anti-node. The maximum pressure (9.8kPa) and maximum velocity (25.5 m/s) for
short stack is observed at sensor 1 and 3, respectively, when the stack is placed at a location 20%L from the closed end.
While the maximum values for the long stack (10.5kPa and 29.5 m/s) are observed with the stack position at 30%L from the
closed end. The longer stack resulted in producing the acoustic wave with 8% higher pressure and 15% higher axial velocity
than the shorter stack. This can be attributed to the fact that a longer stack will allow for more fluid particles to interact with

Table 2: Properties of air

Parameter Symbol Value Unit
Density P Ideal gas law kg/m?
Specific heat capacity Cp 1.006x10° JkgK
Thermal conductivity k 2.42x10? W/mK
Dynamic viscosity B 1.79%x10° kg/ms
Viscous penetration depth dv 1.59x10* m
Thermal penetration depth Ok 1.84x10* m

the plates of the stack, thereby resulting in the acoustic wave with higher intensity.
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Fig. 2: rms of pressure and axial velocity for short and long stack with varying position of stack. The pressure plots are shown in
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Figure 3 shows the pressure and axial velocity rms values for short and long stack at sensor 2 location. It is observed
that the maximum pressure occurs when the short stack is placed at 20%L and the long stack placed at 30%L. While the
maximum velocity for both the stacks is observed with stack position at 40%L. Therefore, the position and the length of the
stack play an important role in the development of the acoustic wave. Figure 4 shows the frequency of the developed acoustic
wave for each case. It is observed that the stack length as well as the stack position affects the frequency of the wave. The
longer stack produces acoustic wave with higher frequency as compared to the shorter stack. Also, moving the stack away
from the closed end of the resonator increases the frequency of the acoustic wave.
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Fig. 3: rms of pressure and axial velocity for short and long stack with varying centre position. The readings are taken at sensor 2
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Fig. 4: Frequency of the developed acoustic wave using short and long stack as a function of the stack position
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4. Conclusion

The effect of stack length and stack position, inside the resonator tube of a thermoacoustic engine, on the parameters
the acoustic wave were numerically studied in this work. The results showed that both these variables affect the
of the TAE. The longer stack performed better with 8% higher pressure and 15% higher axial velocity than the shorter
Moving the stack towards the open end of the resonator resulted in increase in pressure and velocity up till 20%-30% of
(depending upon the stack size) while further moving it decreased both the pressure and velocity. The frequency
for both the stack sizes increased roughly in a linear manner while moving the stack towards the open end of resonator.
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