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A B S T R A C T   

While many previous research publications focused on developing simple and inexpensive acoustic refrigerator 
prototypes, the current state of play in the field reveals the need to elaborate robust and replicable facilities for 
experimental and test purposes. In this context, the present article justifies the importance of an economical and 
technologically simple process demonstrator. The construction of an experimental Thermo-Acoustic Refrigerator 
(TAR), employing an acoustic-to-thermal energy conversion cycle, is further described. Setup’s repeatability and 
replicability and results’ robustness were primarily addressed, while innovative techniques for stack production 
and optimization were also proposed. The success of experiments in terms of optimization and reproducibility 
was validated via the temperature gradients obtained. The adequacy of experimental results was verified by 
comparing them with a numerical simulation using the DeltaEC software.   

1. Introduction 

In the light of the broadening use of refrigeration in the modern in-
dustrial era, and considering that conventional refrigeration fluids such 
as HCFCs, CFCs and HFCs are listed among the major causes of increased 
global warming, it seems necessary to implement greener and more 
sustainable refrigeration solutions in a perspective of gradual replace-
ment of the traditional vapor-compression refrigeration systems. TARs 
operate with inert non-polluting gasses (e.g., air, helium, argon, etc.), 
present no frictional losses and require less maintenance costs than or-
dinary refrigerators. They can operate with either standing or traveling 
acoustic waves. Standing waves refrigerators are characterized both by 
the fact that they do not carry energy from one place to another and they 
also need precise frequencies to operate properly. 

It is possible to introduce the ideal thermodynamic cycle of a ther-
moacoustic refrigerator, in a pressure-volume plane, as depicted in 

Fig. 1a. The transformations can be explained as follows: an adiabatic 
isentropic compression (1), an isobaric heat transfer (2), an adiabatic 
isentropic expansion (3) and an isobaric heat transfer (4). 

The basic functioning of a thermoacoustic refrigerator is portrayed in 
Fig. 1b, where the energy conversion caused by acoustic waves leads to 
the inverse cycle where Qc  is the module of the heat taken from the cold 
body at a temperature Tc  and Qh the module of the heat given to the hot 
body at a temperature Th. The alternating compression and rarefaction 
of the gas causes the variation of the local gas temperature. When the 
local gas temperature increases above the nearby bodies, the heat is 
transferred from the gas to the wall. On the contrary, when it decreases 
below the average temperature of the surrounding bodies, the gas gets 
heated. 

Even if the real functioning of the refrigerator could be acceptably 
compared to the ideal cycle, it is appropriate to introduce the real cycle 
of an acoustic refrigerator and the relative phases, as depicted in Fig. 1c: 
a compression caused by the standing sound waves (1), a second phase 
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in which heat is given to the stack (2), a rarefaction caused by the 
standing sound waves (3), and a fourth phase in which heat is absorbed 
from the stack (4) (Swift, 1999; Rossing, 2007). 

For this reason, standing wave TAR prototypes are simpler to build 
and more economical. Many studies can be found in literature describing 
the implementation of TARs to address current environmental issues 
related to classical refrigeration technologies, describing an experi-
mental implementation of a prototype (Russel and Weibull, 2002; 
Ramadan et al., 2021; Tijani et al., 2002a; Zolpakar et al., 2016; Alcock 
et al., 2017a; Allesina, 2014; Wetzel and Herman, 1997; Shah et al., 
2021) and more complex theory could be found in academic literature 
(Swift, 1999; Swift, 2002; Crocker, 1997; Rossing, 2007). This study 
aims to describe the development of a simple and economic prototype, 
aimed to be robust, easily replicable and innovative from the point of 
view of the materials chosen, the production techniques and their 
optimization processes. The parameters coming into play in a TAR are 
many and complex, but setting in a proper way some design re-
quirements made possible to take into account only some of them, 
depending on their influence on the model optimization process. The 
study focuses on the maximum temperature difference (ΔT) obtainable 
from the optimization of the device, mainly of the stack, without the 
presence, of heat exchangers. Many problems related to the reproduc-
ibility of a TAR are in fact related to the stack, the component that allows 
the conversion between acoustic energy and heat. Thanks to some of its 
important parameters such as pore geometry and size, a stack greatly 
influences the level of its internal temperature if properly designed and 
constructed with a suitable material. Different studies focus on random 
stack applications (Bhansali et al., 2015; Yahya et al., 2017), but oper-
ating with robust and replicable stacks will allow to focus on their ac-
curate optimization, significantly increasing their performance. 

Over the years, thermo-acoustic refrigeration has proven to be an 
interesting and promising technique due to its low environmental 

impact and in fields where the noise generated does not represent a 
sensitive problem, such as in the case of acoustic chillers within auto-
motive projects (Bessis et al., January 2015; Berson et al., 2012), or for 
climatic-environmental systems in the aerospace field (Garrett et al., 
1993). Some prototypes of thermo-acoustic refrigerators for terrestrial 
and food use have been studied and implemented (Poese et al., 2004), 
but they have not yet found widespread industrial development due to 
their efficiency, which is not yet advantageous compared to classical 
refrigeration techniques. 

2. Experimental design and setup 

The developed acoustic refrigerator, coherently to the aim of this 
study, is technologically simple and economical. Being designed to 
operate with acoustic standing waves, the TAR presents a simple ge-
ometry and is based on a modification of a Kundt’s tube, sharing its 
measurement and data acquisition setup. Some modifications were 
made since this equipment is usually intended to measure acoustic 
impedance of porous materials and transmission loss. The stack results 
to be the most complex component of the modified experimental setup 
and therefore it will be optimized in order to improve the ΔT of the 
refrigerator. 

2.1. Dimensions and components 

The experimental configuration is mainly composed of a circular 
section resonator tube connected to a loudspeaker via a sealed 
containment box and coupled with a number of electronic devices. In 
order to provide a detailed description of the apparatus, in Fig. 2a pic-
ture of the setup and a sketch of the components are shown, each one 
named and denoted with an alphabetical letter. The specific nomen-
clature for each component is also presented in the same sketch. 

Nomenclature 

Roman symbols 
cp Specific heat capacity, J⋅kg− 1 

f Frequency, Hz 
Pr Prandtl number, - 
Q Heat module, J 
T Temperature, K 
W Work, W 

Greek symbols 
δ Penetration depth, m 
k Gas thermal conductivity, W⋅m− 1⋅K− 1 

μ Dinamic viscosity, g⋅cm− 1⋅ s− 1 

ω Angular frequency, rad⋅ s− 1 

ρ Density, kg⋅m− 3 

Δ Difference, - 

Acronyms 
CFCs Chlorofluorocarbons 
HCFCs Hydrochlorofluorocarbons 
HFCs Hydrofluorocarbons 
FEM Finite Element Method 
TAR Thermo-Acoustic Refrigerator 

Subscripts 
c Cold 
h Hot 
m Mean 
t Thermal 
v Viscous  

Fig. 1. TAR inverse cycle in a pressure-volume plane (a), TAR schematic functioning (b) and TAR real cycle in a pressure-volume plane (c).  
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A brass circular section acoustic resonator tube, with a diameter of 
29 mm and 390 mm long, is connected to an acoustic driver embedded 
in a 21.5 × 20.2 × 20.1 cm sealed wooden box. The acoustic source is a 
classical 8Ω mid-range Visaton loudspeaker. The acoustic power is 
adjustable depending on the characteristics of the model and of the 
loudspeaker. The acoustic power of the loudspeaker used in this study, 
measured with a sound level meter, is equal to 0.229 W. The tube 
anchorage to the box is secured by a 17 mm diameter metallic plate fixed 
to the box by four screws and welded to the tube base. The other end of 
the tube is closed by a plastic plug fixed by a mechanical screw locking. 
The tube itself presents two parts, the first one fixed and joined to the 
metallic liner at its base, and a second removable part which enables the 
insertion of the stack inside the tube. Along the tube surface two holes 
allow the microphone and the thermocouples to be placed inside the 
resonator; once positioned, the holes are sealed with a synthetic rubber 
compound to ensure that the tube is hermetically sealed. It is therefore 
necessary to evaluate where the maximum of pressure is located inside 
the resonator in order to obtain the optimal operating conditions. While 
there are studies that focus on optimizing resonant frequency (Jebali 
et al., 2004), this study presents a configuration which could be 

considered as a closed-closed configuration, in which the first pressure 
node in the tube was measured, giving a tube resonant frequency equal 
to 193 Hz. Operating at this frequency it was guaranteed to have the 
optimal resonator acoustic condition. 

At this point, using a microphone, it is possible to calculate the 
average internal pressure of the resonator and the maximum effective 
pressure. These two values are two fundamental parameters for the 
understanding of the acoustical phenomenon that takes place inside the 
tube. In our case, the internal effective acoustic pressure of the resonator 
is equal to 3.73 Pa, corresponding to 105 dB. 

In the case analysed, the used microphones are Brüel & Kjær 
pressure-field microphones with a sensitivity of 3.72 mV/Pa, connected 
to a Brüel & Kjær microphone conditioning amplifier (B) and with a 
National Instrument electronic data acquisition card (E) controlled by a 
graphical LabVIEW interface (F). Four Crouzet K-type thermocouples, 
are properly placed at both sides of the stack and connected by a 
conditioner (B) to a data acquisition card (D). The temperatures are 
finally acquired by a LabVIEW program (F), whose interface allows to 
send a digital periodic signal to the loudspeaker via an adjustable power 
amplifier (H) connected to the user interface by the electronic data 

Fig. 2. Experimental Setup image and instrumentation flowchart.  
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acquisition card (E). As an alternative, the signal could be sent to the 
loudspeaker by a function generator (G). A simple sinusoidal periodic 
wave signal has been chosen. Regarding the operating fluid, air was 
chosen to ensure the cost-effectiveness of the model and because of the 
unlimited availability of this fluid in any laboratory (Nayak et al., 2015). 
This choice allows to be able to replicate these experiments without 
onerous costs related to the fluid and to the technical complications that 
would result from the use of fluids that need controlled atmospheres or 
very particular sealing conditions such as Helium, Argon or 
Helium-Argon mixtures, as depicted in literature (Tijani et al., 2002b; 
Jin et al., 2003) or water vapor (Bekkulov et al., 2020). 

2.2. Stack 

In a thermoacoustic refrigerator the stack represents the core 
component of the structure, being the component which allows the 
energetic exchange between acoustic and thermal energy by means of 
the air compression and rarefaction inside the empty stack spaces 
exposed to the acoustic waves. The aim of this study is to have a repli-
cable, robust and inexpensive stack. 3D printing technology allows the 
production of more robust and cost-effective stacks if compared to 
random stacks (Yahya et al., 2017) or stacks made of manually assem-
bled filaments and materials (Debojit and Sandip, 2021), or with 
different materials (Alcock et al., 2017b). With this technology, each 
stack is precisely reproducible and more robust, a key factor in ensuring 
the reliability of the results of such experimental campaigns. The pro-
duction cost of a single stack will be deatailed in Section 3, when the 
characterization of the stack material will be discussed. Moreover, an 
optimized stack allows to obtain meaningful temperature differences to 
be used as heat source in the consequent inverse cycle. 

The creation of an additive manufactured stack involves three pro-
cesses. Firstly, the stack must be designed with an appropriate geometry 
and dimensions using a CAD software. Once the stack is defined, it is 
necessary to proceed with the 3D printing of the part, and finally provide 
a series of post-treatments that clean the stack from any printing resi-
dues. In this study, FreeCAD 0.19.3 software was used to design the 
stacks sections, as shown in the upper part of Fig. 3. The stacks were then 
printed with a 3D Systems "ProJet 3510 SD" printer using the 3D Multi 
Jet Printing (MJP) technique, which allows to achieve high resolution by 
means of a support material (a wax, removed in post processing) and 
depositing liquid photopolymers onto a build surface using inkjet 

technology. An average of 10 h is necessary to produce a printed stack 
sample. The print has a maximum resolution of 375 × 375 × 790 DPI, 
with 32 µm layers. At the end of the process, the result is a printed stack 
made of the UV curable plastic material "VisiJet® M3 Crystal" wrapped 
in a wax backing. In order to melt the wax support both externally and, 
in particular, internally from the pore channels, it is necessary to pro-
ceed with a post-heating process in a static oven at 60 ◦C in order to 
obtain a pure stack after about 3 h of treatment. This phase is particu-
larly delicate because at a temperature below 60 ◦C the wax in the inner 
interstices cannot be completely melted, while at a higher temperature 
the stack would undergo a thermoplastic deformation that would 
compromise its structure and therefore its efficacy. The implemented 
stacks appear as plastic porous cylinders of 28.75 mm diameter and 
variable lengths. In a first approach, it was chosen to implement several 
28.75 mm diameter stacks appropriately wrapped in a Teflon tape to 
ensure sealing with the tube, a chosen length of 40 mm and a variable 
cross-sectional geometry. At the end of the optimization process, 19 
stacks have been developed and created; their description is reported in 
Section 5. An arbitrary chosen length of 40 mm and a variable cross- 
sectional geometry was adopted in the beginning of the study. The 
length was first chosen for economical and easy reproductible reason. As 
it is shown in literature, samples with same kind of material properties at 
around 40 mm are quite optimal (Setiawan and Utamo, 2009). It is also 
easy to print with any standard 3D printer without any deformation of 
the stack. Under these conditions, if the stack is shorter or longer, it 
seems that the phenomenon is less efficient. This point will be verified 
experimentally in the subSection 4.3. 

2.3. Measurement description 

One of the aims of this study, as previously underlined, is to present 
repeatable, robust and comparable processes and results. One of the 
most challenging aspects of the measurement setup was to ensure the 
exact position of the thermocouples in the tube for each test. During 
multiple measurements conducted before finding the correct thermo-
couples position, it was noted that even a small axial or radial 
displacement-shift in thermocouples position implied a slightly different 
recorded temperature, thus compromising the repeatability of the study. 
In order to ensure the accuracy and comparability of each measurement, 
each thermocouple has been fixed to the tube walls with a synthetic 
rubber compound and placed at the center of each stack edge section 

Fig. 3. Three different stack geometries (circular, honeycomb and square holes): sketch and printed samples.  
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(corresponding to 14.5 mm from the tube wall in each direction) at a 
distance of 1 mm from the stack side. 

In order to ensure the accuracy of the study, each measurement has 
been conducted 5 times and under the same conditions, for a total of 95 
acceptable measurements. The starting temperature at the beginning of 
each test has always been kept equal to the room temperature. i.e. 23 ◦C. 
Each measurement was carried out to last 1000 s, a time long enough to 
assure that the hot and cold temperature trends had always completed 
the transient period, settling on a constant asymptotical value. At the 
beginning of each test, the measurement started without any sound in 
order to ensure the temperature stability in the resonator tube; 30 s after 
the start of recording, the sound level amplitude was gradually set to the 
effective value needed for each test. A typical result obtained from the 
measurement tests is reported in Fig. 4, trend which is coherent to the 
ones found in literature (Mahamuni et al., 2015; Russel and Weibull, 
2002), and in the studies of Swift and Crocker (Swift, 1999; Swift, 2002; 
Crocker, 1997). 

It is possible to observe that at 1000 s the temperatures have settled 
to almost constant values, which have been considered the maximum 
temperature difference obtainable in each test. After each measurement, 
the stack was removed from the tube and replaced with another one, 
after a 15 min pause in order to let the air inside the resonator tube reach 
again room temperature, so that each measurement started at the same 
initial temperature conditions. Furthermore, in order to grant the reli-
ability and the accuracy of the measurements, each test was carried out 
five times in five different days under the same conditions. At the end of 
the campaign, a mean temperature difference and its standard deviation 
were calculated for each stack. 

In order to have a simple and understandable definition of the stacks, 
a nomenclature is introduced: concerning the geometry and the 
dimensional optimization process, since every stack is 40 mm long, the 
name of each stack is represented by a code A-B-C, where A is the stack 
pores geometry abbreviation, B is the material layer thickness in milli-
metres and C is the air gap spacing in millimetres corresponding to the 
pore dimension. When analysing the stack length optimization, the code 
modifies into A-B-C-D, where D is the stack length in millimetres. As an 

example, in Fig. 4 it is presented the temperature trend for the stack “sq- 
0.1–1–40′′, meaning a stack with square pores geometry, a material 
layer 0.1 mm thick, an air square pore of 1 mm and a length of 40 mm. 

3. Material characterisation 

In order to obtain the maximum performance from the stack material 
in a thermoacoustic application, it should be characterised by a low 
thermal conductivity and a high specific heat capacity. In thermoa-
coustic refrigeration, two fundamental parameters are used to describe 
the bond between the acoustic and thermokinetic energy: the thermal 
penetration depth δt and the viscous penetration depth δv. The thermal 
penetration depth, defined as 

δt =

̅̅̅̅̅̅̅̅̅̅̅̅
k

πf ρcp

√

(1)  

represents the distance that the heat is able to diffuse through a gas in a 
time t = 1

π⋅f , being f the frequency of the sound wave, k the gas thermal 
conductivity, ρ the material density and cp the material specific heat 
capacity. Another similar parameter is the viscous penetration depth δv, 
defined as 

δv =

̅̅̅̅̅̅̅̅̅
2μ

ωρm

√

(2) 

Where μ is the fluid dynamic viscosity, ω is the angular frequency 
and ρm is the mean fluid density, and related to the thermal penetration 
depth by the Prandtl number by the following relation: 

δv = δt⋅
̅̅̅̅̅
Pr

√
(3)  

In literature, materials such as the one used in this study are usually 
characterized by means of their mechanical properties, but usually data 
about thermal properties is missing (see e.g. Dezaki et al., 2020). Since 
these thermal properties are not usually available for the catalog data of 
materials for 3D printers, it was necessary to obtain them 

Fig. 4. Typical temperatures trend during a 1000 s measurement test (case sq-0.1–1–40).  
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experimentally. In this study the conductivity of the material was 
determined by means of a conductivity meter, whereas the specific heat 
capacity with an effusivity meter. To be more specific, a FP2C Neotim 
conductivity meter used in a transient hot wire method and a FP2C 
Neotim effusitvity meter used in a transient hot plane method were used 
to evaluate the properties of the “Visijet® M3 Crystal” printer material. 
Four different material specimens were printed, and every property was 
tested multiple times on each of them; then, an average value was 
calculated. The measurements gave a conductivity equal to 0.167 
W/(m⋅K) and a specific heat capacity of 1928 J/(kg⋅K). Finally, the 
density of the material was determined with a LS220A Precisa high 
precision balance. The measured properties are fully satisfactory and 
certify the suitability of “Visijet® M3 Crystal” for thermoacoustic uses, 
in accordance with Swift (Swift, 1999; Swift and Garrett, 2003). A low 
thermal conductivity along the resonator results in no useful heat 
dissipation along the stack, and a material specific heat capacity higher 
than the one of the operating fluid facilitates the process of heat transfer 
from the source to the surface of the stack. With these data, it was 
possible to determine the thermal penetration depth as a function of the 
material thermal conductivity, density, specific heat capacity and of the 
tube resonance frequency. The obtained properties values are summa-
rized in Table 1: 

There are several studies in the literature (Zolpakar et al., 2017; 
Krstic et al., 2020; Kozuka et al., 2014; Bekkulov et al., 2020) on stacks 
produced with rapid prototyping polymers. Among these, Mylar (Zol-
pakar and Ghazali, 2019; Tijani et al., 2002c; Nurudin, 2008) appears to 
be the best, however presenting a lower specific heat capacity and 
slightly higher thermal conductivity than the Visijet® M3 Crystal 
considered in this study. 

An estimate of the production costs of a stack was made. In addition 
to the cost of instrumentation, 3D printer, and electricity, and consid-
ering the price of the material used, a cost of about 1.70 €/stack should 
be expected for the Visijet® M3 Crystal material and about 0.30 €/stack 
for the wax backing. 

4. Stack optimization process 

This section deals with the optimization of the stack in order to 
achieve an optimal configuration. The optimization process is very 
tangled and faceted, since the parameters involved in thermoacoustics 
are many and complex (Raut et al., 2017; Tartibu, 2015). In order to 
ensure the cost-effectiveness and ease of replicability of the study, some 
parameters were not considered in the optimization, and other param-
eters were limited by technical requirements of the experimental setup. 
First, a higher amplitude provides higher pressure and consequently 
higher temperature values. Due to technical limitations related to the 
characteristics of the available loudspeaker, a constant amplitude value 
was maintained for all tests and for all stacks used. The position of the 
stack, unlike what reported in other studies (e.g. Sari et al., 2014), was 
not optimized because it was known a priori where the maximum 
pressure was located within the resonator, thus determining the ideal 
position. The local oscillation of air particles exposed to an acoustic 
wave causes a series of compressions and expansions that result in a 
release and absorption of heat from and to the surrounding environ-
ment. This phenomenon is of particular interest inside a stack because 
the geometry and size of the interstices greatly influences the 

propagation of the waves and, as a consequence, its temperature 
gradient on both sides. For this reason, in this study tubular structure of 
the stack pores was used in order to optimize their geometry and size. An 
optimization of the pore geometry (4.1) was implemented at first, and 
then an optimization of the pore size and pore spacing (4.2) followed. 
Finally, the stack length was optimized (4.3). A comparison with the 
results obtained by a numerical simulation with DeltaEC (Design Envi-
ronment for Low-amplitude Thermo-acoustic Energy Conversion) 
version 6.4b2.7 software is presented in Section 4.4, in order to validate 
the experimental results. In Fig. 5 is reported the trend of the temper-
ature difference achieved fo all the tested geometries. 

4.1. Geometry optimization 

Many different geometries have been analyzed in the literature, 
among which the parallel plate or pin array geometries are considered 
among the best ones (Rahpeima and Ebrahimi, 2019; Hariharan et al., 
2012; El-Rahman et al., 2017; Nayak et al., 2017), and also numerical 
geometrical optimization can be found (Zink et al., 2009). However, due 
to the structural limitations of 3D printing, these geometries are complex 
to print with good accuracy, as the printed stack usually results struc-
turally deformed and irregular, and for this reason these geometries 
were not considered in this study. 

The first step of the stack optimization process consisted in finding 
the most efficient pore geometry. To do so, a comparison of three stacks 
of the same dimensions but with three different pore geometries was 
carried out. As presented in Fig. 6, the geometries considered are square, 
circle and honeycomb (hexagonal). In order to guarantee an exact 
symmetry of the stack design, the same pores dimension (B) and mate-
rial gap between two adjacent pores (C) have been maintained along the 
section. The pore dimension corresponds namely to the square side, to 
the circle diameter and to the longest diagonal of the hexagon. For this 
optimization two different dimension stacks have been printed for each 
geometry: one stack presenting 1 mm pore dimension and 0.1 mm ma-
terial gap and another one with a 1 mm pore dimension and a 0.25 mm 
material gap. 

The most relevant result to be obtained was not just the temperature 
difference absolute value, but to understand the optimal pore geometry 
for a configuration of the same size which allowed the maximum tem-
perature difference. 

As represented in Fig. 7 and in Table 2, it can be noticed that in every 
considered configuration all presenting an air gap of 1 mm the highest 
temperature difference was obtained with the square geometry, fol-
lowed by the honeycomb and then, with a consistent gap, by the circular 
geometry,. The square geometry allows for even pore spacing, not 
leaving large amounts of solid material as is the case with circular pores. 
Although honeycomb geometry also has the same quality, it is more 
imprecise than square geometry from an additive manufacturing point 
of view. Other geometries such parallel plates, considered the ones with 
the best overall performance by some authors as already said, have been 
found to be impossible to print with the 3D printing technology avail-
able by the authors. For this reason, it was decided to implement and 
deepen the square pore geometry. 

Having chosen the square configuration as the most effective, the 
next step of the optimization dealt with the search for the best pore 
dimension and material thickness in order to obtain the best possible 
stack performance. 

4.2. Dimension optimization 

Once the square geometry was chosen, although other studies pre-
sent optimal size values that are anyway not applicable to our setup 
geometry (Tijani et al., 2002c), an optimization of the square pores and 
material gap dimensions was implemented. The dimensional charac-
teristics of the stacks considered in this section are summarized in 
Table 3. From a theoretical point of view, the best configuration with a 

Table 1 
VisiJet® M3 Crystal thermophysical properties.  

Property Value 

Density [kg/m3] 1170 
Thermal Conductivity [W /(m⋅K)] 0.167 
Effusivity [(W⋅S1/2)/(m2 ⋅K)] 614.5 
Specific Heat Capacity [J /(kg⋅K)] 1927.98 
Thermal Penetration Depth [m] 1.104E-05  
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stack presenting a very thin material layer compared to the pores 
dimension was expected to be found, and in the following the most 
proper dimension and ratio among the materials and the air gaps is 
investigated and presented. 

For a square geometry, the highest temperature difference, corre-
sponding to 18.42 K, was measured for the configuration presenting a 
0.1 mm material layer thickness, a 1 mm side square pore geometry and 
a 40 mm length. This configuration has a material layer size of 10 
thermal penetration depths and an air-to-material ratio of 10. 

A 3D printed stack having a material layer thickness lower than 0.1 
mm will led to deformations during both the printing phase and the post- 
heating process, thus undermining the usability of the stack. Considering 
these structural and dimensional aspects, the optimum stack resulted to 
be the sq-0.1–1. In Fig. 8 the optimization process considering four 
different stack dimensions is presented: in particular, the mean tem-
perature difference curves and envelope areas of the 5 tests conducted 
for each stack is shown. 

As it can be noticed, all standard deviations obtained are below 
unity, confirming the robustness of the experimental procedure. In 
addition to measured temperature differences very similar for each 

Fig. 5. Trend of the temperatures differences for all the test cases analyzed.  

Fig. 6. Implemented stack pores geometries: (a) Square, (b) Circle and (c) Honeycomb.  

Fig. 7. Stack pores geometry optimization experimental results.  
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measurement, also the transient and the stationary parts of the tem-
perature trends were really comparable. 

In Fig. 9 two other different steps of the optimization can be 
observed: given the same air-to-material ratio equal to 2 (red markers), 
an optimal dimension was found in the sq-0.5–1 configuration, results 
that led to a study of different material gap thicknesses for a constant 1 
mm square pore side (black markers). 

Since the first three stacks already implemented, sq-0.1–1, sq-0.25–1 
and sq-0.5–1, we studied the temperature difference trend by adding the 
sq-0.2–1 and sq-1–1 configurations in order to have different air-to- 
material ratios to compare. As previously said, the sq-0.1–1 configura-
tion set a structural limit for the optimization process, and the sq-1–1 
configuration had the lowest temperature difference found in the study, 
which did not encourage printing stacks with a higher material thick-
ness. To complete the optimization, it was decided to print stacks with 
the optimal material thickness layer of 0.1 mm with a larger square pore 
side of 1.2 mm and 1.4 mm. The results obtained show lower temper-
ature differences than the sq-0.1–1 configuration, confirming this 

combination of parameters as the optimal stack in terms of geometry 
and dimensions. 

4.3. Length optimization 

Having determined that the optimal stack is sq-0.1–1, stacks of 
different lengths were printed with this configuration. Stack length 
optimization, as presented by other authors (Alcock et al., 2018), results 
to be crucial in the optimization process of a stack. Since the first part of 
the optimization was only conducted for a 40 mm stack length, pre-
senting a fixed air gap of 1 mm, four other stacks of varying lengths of 
20 mm, 30 mm, 50 mm, and 60 mm were considered, as shown in 
Table 4. 

The limit for optimization was set at 60 mm due to the technical 
limitation of the 3D printer used in this study, that led to an axial 
deformation for longer stacks during the printing phase. From an 
experimental point of view, given the different stack lengths, the posi-
tion of the hot side and its thermocouples were kept at 1 cm from the 
edge of the resonator to achieve maximum pressure, and the cold side 

Table 2 
Stack geometry optimization.  

Name Geometry Material thickness [mm] Mean ΔT [K] 1.96*Standard Deviation 

cr-0.25–1 Circle 0.25 6.04 0.38 
cr-0.1–1 Circle 0.1 9.91 0.75 

hc-0.25–1 Honeycomb 0.25 12.83 0.31 
hc-0.1–1 Honeycomb 0.1 16.87 0.52 
sq-0.25–1 Square 0.25 14.25 0.42 
sq-0.1–1 Square 0.1 18.42 0.52  

Table 3 
Stack square geometry dimension optimization.  

Name Geometry Material thickness [mm] Air Gap [mm] Mean ΔT [K] 1.96*Standard Deviation 

sq-0.5–1 Square 0.5 1 9.78 0.46 
sq-0.7–1.4 Square 0.7 1.4 7.57 0.70 

sq-1–1 Square 1 1 5.53 0.69 
sq-0.3–0.6 Square 0.3 0.6 8.18 0.40 

sq-1–2 Square 1 2 5.93 0.58 
sq-0.5–1.5 Square 0.5 1.5 10.24 0.74 
sq-0.25–1 Square 0.25 1 14.25 0.42 
sq-0.2–1 Square 0.2 1 14.88 0.70 
sq-0.1–1 Square 0.1 1 18.42 0.52 

sq-0.1–1.2 Square 0.1 1.2 17.45 0.42 
sq-0.1–1.4 Square 0.1 1.4 14.06 0.48  

Fig. 8. Square geometry stack dimension optimization experimental results: 
measured mean temperatures and envelope curves. 

Fig. 9. Stack dimensions optimization: red markers represent the optimization 
at constant air/material ratio equal to 2, and black markers represent the ma-
terial gap optimization at 1 mm constant air gap. (For interpretation of the 
references to colour in this figure legend, the reader is referred to the web 
version of this article.) 
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thermocouples were appropriately shifted according to the stack length 
while maintaining the same spatial position corresponding to the center 
of the stack section, always at the same distance from the stack edge. 
After a campaign of 5 measurements for each stack under the same 
conditions, it was noted that the 40 mm stack had the maximum tem-
perature difference achieved for the resonator dimension considered in 
this study. As observed in Fig. 10, the optimization trend shows that 
both shorter and longer stacks have lower levels of ΔT, trend which 
could also be observed in other studies conducted (Setiawan and 
Utamo, 2009). 

4.4. Comparison with DeltaEC model and final considerations 

Finally, a numerical model was implemented by using the ther-
moacoustic software Design Environment for Low-amplitude Thermo- 
acoustic Energy Conversion (DeltaEC) software (Ward et al., 2017). 

A standing wave duct with the same geometry and characteristics as 
the existing experimental setup was simulated, and the schematic can be 
seen in Fig. 11; the components in the schematic are numbered as 
follows: 

0. “BEGIN” segment with initial values; 
1. “SURFACE” area with thermal-hysteresis dissipation; 
2. “DUCT” segment describing the initial part of the circular duct; 
3. “STKRECT” used to describe the stack with square pores (circular 
and hexagonal pores were otherwise both simulated with the 
appropriate “STKCIRC” component in DeltaEC); 
4. “DUCT” segment describing the final part of the circular duct; 
5. “HARDEND” final segment representing the end of the closed 
thermoacoustic system, where the complex volume flow rate is equal 
to zero. 

The fundamental geometrical parameters for the numerical simula-
tion were based on purely experimental and original data from the 
study, such as the number of pores in each stack, a function of the stack 
cross-sectional dimensions and the characteristic pore lengths and dis-
tances between them. The first numerically simulated case was the 
optimal stack sq-0.1–1–40. In order to verify the correctness and 

applicability of the model to all stack geometries, the same general data 
(i.e. physical quantities) were maintained in each simulation, while the 
geometrical characteristic parameters of each stack were varied (i.e. 
geometry, number of pores, pore size, distance between them). Fig. 12 
shows a comparison of the temperature difference data obtained 
experimentally (X-axis) and numerically (Y-axis) for 40 mm long square 
stacks with different pore configurations and sizes. 

The bisector, which indicates the ideal correspondence between the 
calculated and the measured data, shows the good agreement of the 
numerical model with the experiments, where and all results except one 
deviate from the ideal case by a maximum margin of ± 2 K. The only 
case outside this zone is the sq-0.1–1.4–40 case, for which the numerical 
simulation predicts a higher ΔT than that experimentally found. This 
may be due to the fact that this stack represents a structurally borderline 
case (air/material ratio equal to 14), in which the print exhibits slight 
deformations due to the thin and loosely packed structure of the inner 
lattice of the stack, which may have influenced a lower experimental 
result. Generally speaking, the results obtained numerically are usually 
higher than those found experimentally, even if by small values, most 
likely due to slight imperfections in the printing and experimental setup. 
In spite of this, the numerical model can be considered valid, as it pro-
vides a priori a correct trend with a minimal deviation of the ΔT 
obtainable, matching the precise trend of the results obtained 
experimentally. 

5. Conclusions 

A description of an inexpensive, simple, robust, and replicable 
standing wave thermoacoustic refrigerator was presented in this paper. 
In particular it was possible to perform an optimization of the same in 
order to find the highest possible temperature gradient to be included in 
a hypothetical refrigeration cycle, by focusing on the material, the 
production and the characteristics of the 3D printed manufactured 
stacks. Starting from an optimization between three different geome-
tries, it was found that the pores with square geometry gave better re-
sults than similar stacks with circular and honeycomb geometries. 
Although geometries and configurations with better results can be found 
in literature, the square geometry was chosen because of the excellent 
results found and the simplicity of realization with the technique 
developed in this study, which makes it difficult to print other geome-
tries, such as parallel plates. Then, after an analysis of 11 different 
square pore configurations and 5 different lengths, the optimal stack 
resulted to have square pores with 1 mm side and 0.1 mm spacing and a 
length of 40 mm, presenting a temperature difference of 18.32 K at the 
edges of the stack itself. A numerical model was also developed, using 
the DeltaEC thermoacoustic software. Being the goal of this study to 
develop a clear procedure in order to obtain in 3D printed stacks tin a 
fast and not expensive way, the focus was on the obtainable temperature 
difference only, and heat exchangers were not taken into account: this 
aspect will be the part of future studies, that will also focus on other 
specific numerical simulations, by means of FEM softwares, that would 
allow a more precise definition of some specific parameters to be used 
for simulations. In this case, theoretical based non-dimensional param-
eters will be used (e.g. hydraulic diameter), since this approach will lead 
to better comparisons without the need to keep the geometrical di-
mensions of the samples too simple due to the constraints of the additive 
manufacturing technologies. Nevertheless, the numerical model, 
developed and validated by the experimental data, represented in a very 
accurate way the behavior of the stacks produced by additive 
manufacturing, proving itself to be a fast and economical way to help the 
rapid prototyping and to achieve a proper design and tuning of the 
stacks before proceeding to the 3D printing process. 
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Table 4 
Optimized square 0,1–1 stack length optimization.  

Name Geometry Length 
[mm] 

Mean ΔT 
[K] 

1.96*Standard 
Deviation 

sq–0.1–1–20 Square 20 13.35 0.94 
sq–0.1–1–30 Square 30 14.47 0.53 
sq–0.1–1–40 Square 40 18.42 0.52 
sq–0.1–1–50 Square 50 15.49 0.56 
sq–0.1–1–60 Square 60 12.50 0.75  

Fig. 10. Optimized stack sq-0,1–1 length optimization experimental results.  
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