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leads to difficulties in design practices of the system. In this paper, a test of an
experimental rig for the investigation of fluid dynamics of an oscillatory flow inside a
standing-wave thermoacoustic rig with two different flow frequencies are reported.
An experimental setup was build and numerical modelling is also solved using a
thermoacoustic software known as DeltaE. The rig consisted of a quarter wavelength
resonator attached to a loudspeaker that acts as an acoustic driver. A structure known
as ‘stack’ is located at a location of approximately 0.19A from the pressure antinode.
Experimental results showed that the resonance frequency of the two setups are
14.2 Hz and 23.6 Hz, respectively. Measured velocity and pressure at several locations
are analysed and the results indicated that the thermoacoustic flow conditions are
achieved. The rig could be used for further and deeper investigations of fluid dynamics
behaviour for oscillatory flow of thermoacoustics.
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1. Introduction

Nowadays, cooler and power source are to be considered as basic human needs. Power source is
needed to supply electricity to almost all devices such as a bulb, a refrigerator, an air-conditioner, a
television, a radio and it is even needed to run security system for most countries [1, 2]. The usage
of power is increasing exponentially with years due to the increase of population and needs [2, 3].
Researches in the area of heat transfer enhancements, for an example, are currently being
investigated by many with an aim to improve the energy transfer in most energy systems [4].
Nevertheless, the growth of technology has also escalated the concerns about the impact of the
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technology on the environment. Concerns are rising as the natural resources are now depleting and
the ‘global warming’ effect as well as pollution issues are increasing. There is an urgent need for a
green and sustainable technology that could provide human needs but at the same time cause no
harm to environment. Thermoacoustics is a principle of science that can offer such requirements [5,
6, 9]. Thermoacoustics can be used to produce a generator/electric power or a cooler/heater if
specific conditions are met [6-12].

The acoustical to thermal conversions of energy relies heavily on the fluid dynamics behaviour of
an oscillatory flow of the fluids inside the system. At this moment, the fluid dynamics of flow inside
the system is not well known. Hence, investigation is needed in this direction. Earlier investigations
reported many special characteristics such as early stage turbulence, entrance region and non-linear
flow related to heat transfer characteristics [13-17]. These investigations are, however, limited to
only several specific flow conditions. Fluid dynamics change with operating conditions. Hence more
investigations are needed to cover the wide range of thermoacoustic flow conditions. For complex
flow conditions, such as those found in thermoacoustics, theoretical solutions are only available for
linear model [5]. In most real and complex cases, experimental investigations are needed to help
understand the complex nature of the fluid dynamics inside thermoacoustic environment. In order
to conduct the fluid dynamic study, an experimental rig that is able of producing the correct
oscillatory flow of thermoacoustics environment must be build. The system needs to be designed
carefully at early stage of investigation to avoid too much expensive expenditure that could end up
with wrong setup. In thermoacoustic community, this is usually done through a thermoacoustic
software known as DeltaE [5, 18]. The software helps designer to assemble parts of the system into
the model and then solve the model so that flow distribution inside the system is in accordance to
the thermoacoustic principle. This paper reports the results of modelling works related to a standing
wave thermoacoustic system with a quarter wavelength resonator using DeltaE for the purpose of
the investigation of fluid dynamics of flow inside a standing wave thermoacoustic environment. New
investigation of the effect of flow frequency is reported. Experimental rig that allows investigation of
fluid dynamics for two different flow frequencies is described. Results are to be discussed with
comparison between theory, experiment and modelling. The proposed rig can be used for
fundamental investigations of fluid dynamics of an oscillatory flow inside thermoacoustic
environment.

2. Methodology
2.1 DeltaE Modelling

The standing wave thermoacoustic model is solved using a software known as DeltaE. This
software solves one-dimensional linear model of thermoacoustics and a shooting-method was used
at the boundaries of each segments until convergence is achieved. The linear thermoacoustic models
are based on the application of oscillatory flow conditions into the continuity equation, momentum
equation and the energy equation [5, 18]. Figure 1 shows the segments that were defined in DeltaE.
It consists of a ‘Begin’ segment that will allow the setting up of the initial values and operating
conditions for the numerical modelling. The ‘begin’ segment is then connected to a ‘duct’, l[abelled as
‘1’ in Figure 1 and 2, which represents a loudspeaker.
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Fig. 1. The 14.2 Hz thermoacoustic model in DeltaE

The loudspeaker is connected to segment ‘2’ that is named as a “short duct’. This segment is to be
considered the box for the loudspeaker and it helps contained the sound that comes out of the
loudspeaker. The sound is then channelled into the resonator through segment ‘3’ (a conical duct).
Segment ‘4’, which is known as ‘minor’, is introduced into the model to represent losses of the flow
when it is being forced into the resonator through the converging channel. The resonator starts at
segment ‘5’ and ends at segment ‘15’. The total length of the resonator as shown in Figure 1is 6.6 m.
A structure known as ‘stack’ is located in segment ‘7’ of Figure 1 and it is sandwiched between
segments ‘6’ and ‘8. The ‘stack’ is a parallel-plates structure commonly used in thermoacoustics to
provide medium for energy exchange between the acoustic wave and the solid surface. This is the
place where most thermoacoustic effects take place [5]. The presence of big number of segments in
the resonator is due to the design requirement so that the rig can be used for two different flow
frequencies. The schematic diagram shown in Figure 1 represents the 14.2 Hz resonator. Investigation
is also done for another flow frequency of 23.6 Hz. The DeltaE model for 23.6 Hz is as shown in Figure
2.
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Fig. 2. The 23.6 Hz thermoacoustic model in DeltaE

For high frequency of 23.6 Hz, the total length of the resonator is 3.8 m. Therefore, the total
number of segments are now reduced to 10. In this 23.6 Hz model, the stack is located in segment
‘6’ of Figure 2. The models are solved for several cases as summarized in Table 1. The wavelength for
air is calculated as A= c/f (where c and f are the speed of sound and the flow frequency, respectively).
For the purpose of modelling investigation, the stack is located at two different locations of 0.19A and
0.11A relative to the hard end of the resonator (pressure antinode location).

Table 1
Summary of cases for thermoacoustic models
Case Frequency (Hz) Stack’s length Stack’s
(mm) location
1 14.2 200 0.191
2 14.2 200 0.11A
3 14.2 70 0.19A
4 23.6 200 0.191
5 23.6 70 0.19A

2.2 Experimental Setup

The experimental rig is as shown in Figure 3. The rig is designed with several segments to allow

157



Journal of Advanced Research in Fluid Mechanics and Thermal Sciences
Volume 60, Issue 2 (2019) 155-165

for investigations of two flow frequencies. The first rig (as is shown on top of Figure 3) is 6.6 m long
while the second rig (the middle diagram) is 3.8 m long. One side of the resonator is connected to a
700 W subwoofer (Model PD180). The input of the loudspeaker is controlled by a function generator
and a power amplifier (FLP-MT1201). The loudspeaker is 18 inch in diameter while the resonator is
an aluminium duct with a square cross-section of 152.4 mm x 152.4 mm. A loudspeaker box with
converging channel is specially designed to connect the subwoofer to the resonator so that standing-
wave could be created inside the resonator.

Data logger

Loudspeaker Box

Loudspeaker

Resoitor I Stacks
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Fig. 3. The sechematic diagram of the 6.6 m rig (top), the 3.8 m rig (middle) and pictures of the real
rig (bottom)
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For experimental works, the parallel-plate structure known as a ‘stack’ is placed at a location of
0.19A from the hard-end of the resonator (the pressure antinode). A piezoresistive sensor (Meggit
model 8510B) is used for measuring pressure amplitude of the flow and a hot wire (Sentry model
ST732) is used to measure velocity. Sensors are connected to a data logger (Dataq DI-718B) that is
fitted with signal conditioner (Model DI-8B41-01). Measured data are processed using Windaq
software. The resonator is filled with air at atmospheric pressure. It is noteworthy that the two
different lengths of resonator lead to different resonance frequencies. In the experimental works, the
length of the resonator is achieved by assembling appropriate parts/segments in a similar way as
reported for DeltaE models. Dimensions of each parts/segments are given in Figure 3.

3. Results and Discussions
3.1 DeltaE Results

Figure 4 shows the pressure distribution data for cases 1, 2 and 3 as defined earlier in Table 1. The
pressure distribution inside an empty resonator (without stack) is shown to be increasing with
locations away from the loudspeaker according to the standing wave characteristics. The presence of
200 mm stack in the resonator cause a pressure drop depending on the location of the stack. When
the stack is located at 0.192, the pressure drop is seen as early as segment 6. For location of 0.112,
the pressure starts dropping in segment 10. This is as expected following common senses. It is also
observed that the pressure values at the locations after the ‘stack’ for cases where ‘stacks’ are placed
inside the resonator are bigger compared to the case with an empty resonator. This indicates that the
presence of a stack of parallel plates changes the pressure values inside the resonator especially at
locations towards the hard end of the resonator.
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—-200mm 0.19A ~4-200 mm 0.11 A -=-without stacks

Fig. 4. Pressure distribution for cases 1, 2 and 3 as
predicted by DeltaE models

The DeltakE model is then solved for different length of stacks (70 mm vs 200 mm) and the results
are as shown in Figure 5. As expected, the pressure drop is smaller for case with stack of shorter
length. The presence of the 70 mm long stack has very little impact on pressure distribution inside
the resonator.
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Fig. 5. Pressure distribution for cases 3 and 4 as predicted
by DeltaE models

Figure 6 shows comparison of pressure distribution data for two different flow frequencies. In
general, pressure distribution inside the resonator at high flow frequency is higher compared to that
of the low flow frequency. This is probably due to the different values of drive ratio. High amplitude
of pressure may contribute towards higher energy production (based on the understanding that work
production is related to the product of pressure and the change of volume). However, high pressure
could also lead to losses based on pressure drop value. The balance between the gain and lost should
always be considered.
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Fig. 6. Pressure distribution for cases with different stack’s
length and different frequency

As a rule of thumb, length of stack is normally chosen by considering the size of gas displacement.
For flow amplitude with drive ratio of up to 2 %, the gas displacement for the cases of 14.2 Hz and
23.6 Hz are estimated at approximately 56 mm and 34 mm, respectively. The working medium flows
in oscillatory manner into and out of the stacks’ channel on both sides of the ends. Hence, a stack
with a minimum length of 112 mm is preferable, otherwise mix of temperature could happen
between the two ends of the stack. Ideally, one end is supposed to be hot and the other end should
be cold. If mix of temperature happens, thermoacoustic effect will be tampered and system’s
performance could be affected in a bad way. Although the current study focuses only on the fluid
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dynamics aspects, but the practical aspects of the thermoacoustic system should not be put aside.

For ease of comparison between cases, the investigation is therefore continued with stack of 200 mm
long.

3.2 Experimental Results
3.2.1 Resonance frequency

The experimental rig was designed according to a quarter wavelength criterion. At the early stage
of the research works, the experimental design was made based on theoretical calculations.
According to calculation, the 6.6 m long resonator is corresponding to a resonance frequency of
13.1 Hz while the 3.8 m long resonator is corresponding to a resonance frequency of 23.1 Hz.
However, experiments are needed to confirm the real value of the resonance frequency for the rig
because the presence of additional fixtures like the loudspeaker box and segmentations of resonator
may lead to changes to the resonance frequency.

Figure 7 shows the experimentally measured resonance frequency of the 6.6 m long and 3.8 m
long resonators. The resonance frequency is tested by keeping the voltage input of the loudspeaker
at a constant minimum value. The frequency is then varied with an increment of 1 Hz until maximum
value of pressure is recorded by the pressure sensor. Figure 7 shows the measured resonance
frequency for the 6.6 m long and 3.8 m long resonator, respectively. The drive ratio represents the
ratio between the measured value of pressure at antinode and the mean pressure. Results show that
the resonance frequency of the 6.6 m long rig is 14.2 Hz and the resonance frequency of the 3.8 m
long rig is 23.6 Hz.
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Fig. 7. Resonance frequency for the 6.6 m long resonator (left) and the 3.8 m long resonator
(right)

3.2.2 Pressure and velocity distribution along resonator

Measurements are done for pressure and velocity values at several locations along the resonator.
The locations are as defined in Figure 8. Locations A to D represent data from a 6.6 m long resonator
while locations E and F represent data from a 3.8 m long resonator.

The measured values are also compared to the values predicted by the one-dimensional non-
linear thermoacoustic theory. The theoretical results of first order harmonic of velocity amplitude, ui,
and pressure amplitude, p:, are calculated using Eq. (1) and Eq. (2).

k- p,sin(kx
T /')”( ) (1
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p, = p, cos(kx) (2)

The terms k, pa, X, w and pm represent the wave number, pressure amplitude at antinode (hard
end), location from the antinode, angular velocity and mean density, respectively. The pressure
amplitude at location of antinode, pgs, is measured using a piezoresistive sensor that is flushed
mounted at the hard end of the resonator. The first order amplitude of pressure, pi, and velocity, ui,
at locations A to F are recorded by placing the piezoresistive sensor and hotwire at that locations. The
results are as shown in Figure 9 and 10.
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Fig. 8. Locations for measurement points along the resonator of 6.6 m long (top) and 3.8 m long (bottom)
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Fig. 9. Comparison between measurement and theoretical values of velocity amplitude along the
resonator

There are two aspects that can be looked at. First is the impact of flow amplitude (i.e. drive ratio)

and second is the measured locations (locations A to F). In general, Figure 9 shows that both
theoretical and experimental values exhibit the same pattern of flow increment as drive ratio
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increases.

The same pattern of increment is also observed for pressure values as shown in Figure 10.
However, it is interesting to note that the increment of pressure amplitude with drive ratio for the
short resonator (i.e. flow frequency of 23.6 Hz) is represented by a pattern that resembles exponential
behaviour of change. This is not seen for a low drive ratio of 14.2 Hz (i.e. the 6.6 m long resonator).
At low flow frequency, the pressure amplitude increase almost linearly with the increase of drive
ratio. Location wise, Figure 9 shows that the velocity amplitude reduces as the flow is approaching
the hard end (in the direction from A to D for the 6.6 m long resonator and from E to F for the 3.8 m
long resonator). However, the pressure amplitudes increase as the location changes from A to D.
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Fig. 10. Comparison between measurement and theoretical values of pressure amplitude along the
resonator

The same pattern of velocity reduction and pressure increment with locations are shown by
theoretical calculation and the experimentally measured values. In the experiment for the 6.6 m long
resonator (i.e. 14.2 Hz), the decrease of velocity from locations A to D are recorded with maximum
drop of 0.41 m/s while the theory predicts a reduction of 1.85 m/s. This corresponds to a difference
of around 70% which may be related to ‘streaming’ or ‘non-linear’ effects that are not counted in the
theoretical equations. Observation of non-linear effects have been reported by many in the past (c.f.
[6, 13, 15, 16, 17]). The same observation is also seen for values of pressure, as shown in Figure 10,
but the difference in magnitude between experiment and theory is lower (with biggest error of 14%).
Nevertheless, the similar pattern of velocity and pressure changes between experiment and theory
indicates that a correct thermoacoustic environment have been achieved. Detail investigations will
be needed to help understand the difference in magnitude/scale which is expected to be related to
the presence of non-linearity of flow in the real condition of the experimental tests.

4. Conclusions

One dimensional nonlinear models of thermoacoustics were solved for two flow frequencies with
two different length of stack located at two different locations. The models converged and this
indicates that thermoacoustic environment was achieved using the segmented design of the
resonator. An experimental setup for a standing wave thermoacoustic rig with a quarter wavelength
resonator was also successfully build. The rig was designed with segments that will allow investigation
of fluid dynamics study for two different flow frequencies. Experimental measurements showed that
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the resonance frequency of the two different setups are 14.2 Hz and 23.6 Hz, respectively. This allow
for the new investigation of the effect of flow frequency on fluid dynamics of oscillatory flow inside
the system. The rig is now ready to be used for future investigations of the less understood fluid
dynamics phenomena of thermoacoustic flow conditions. The investigations that are currently being
pursued at Universiti Teknikal Malaysia Melaka involved experimental measurements of fluid flow,
flow visualization using Particle Image Velocimetry (PIV) and the use of Computational Fluid Dynamics
software so that better insights into fluid dynamics of oscillatory flow across structures inside
thermoacoustic system could be gained. The use of vibration suppressor/silencer such as fibers [19]
could also be considered in future studies of thermoacoustics for the purpose of reducing vibration
that could lead to reduction of unwanted streaming in the thermoacoustic flow environment.
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