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Highlights 

• A double-core travelling-wave thermoacoustic engine was modelled and tested. 

• A novel operational methodology was proposed for heat addition into the two cores 

• Using lower heat input in the first core increased the power output by 39%. 

• Validation of DeltaEC models is done by comparisons with experiments.  
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Abstract  

Recent developments of thermoacoustic engines have demonstrated that thermoacoustic 

technology is a viable option for waste heat recovery and low-cost electricity generation, 

Thermoacoustic technology is capable of converting low-grade heat to electrical power with 

only one moving part.  Great reliance has been placed on evenly heated cores of multistage 

thermoacoustic engines, whatever the acoustic impedance is within the engine’s core. This 

article proves that the unbalanced acoustic impedance within the cores can be effectively 

matched by using the asymmetric heat method. Accordingly, the thermoacoustic efficiency 

can be increased. DeltaEC code was employed to perform the numerical calculations and 

laboratory measurements were then taken to confirm the concept and validate the numerical 

model. Both numerical and experimental data show an increase in loop acoustic power with 

this new technique. DeltaEC simulation predicted an increase in the electrical power output 

from 24.4 W to 31.4 W, when heat supplied into the system went from (50%:50%) to a 

40%:60% ratio, which matched an increase from 16.5 to 23 W in the experiments with no other 

change in the design except asymmetric heat input. DeltaEC results have implied that there is 

an optimal ratio of 30%:70%. It was also seen in the DeltaEC that the overall onset temperature 

decreased by about 40⁰C for larger asymmetrical ratios of heat input, which is advantageous 

for this application. 

Keywords: Regenerator, thermoacoustic, acoustic power, loudspeaker as a generator, 

DeltaEC 
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Nomenclature 

𝐴 Cross-sectional area of the feedback 

pipe, m² 

∆ Difference 

𝐴𝑔 Cross-sectional area of the regenerator, 

m² 

𝜌𝑚 Mean density, kg/m³ 

𝑎 Speed of sound, m/s ∅ Phase difference, rad 

𝑓 Working frequency, Hz Im[ ] Imaginary part of a complex 

number 

𝑛 Impedance enhancement ratio Re[ ] Real part of a complex number 

𝑃𝐴𝑐. Acoustic power, W ∗ Complex conjugate 

𝑝1 Pressure amplitude of oscillation, Pa | | Magnitude of a complex number 

𝑝𝑚 Mean pressure, Pa Abbreviations 

𝑄𝑇 Total heating power, W AHX Ambient heat exchanger 

𝑇𝐶 Cold temperature, K HHX Hot heat exchanger 

𝑇𝐻 Hot temperature, K LA Linear alternator 

𝑇𝑚 Mean temperature, K RPN Reverse Polish notation 

𝑈1 Volumetric velocity, m³/s SAHX Secondary ambient heat exchanger 

𝑢1 Velocity, m/s TAE Thermoacoustic engine 

𝜔 Angular velocity, rad/s  TBT Thermal buffer tube 

X Coordinate along sound-propagation 

direction, m 

PID Proportional-Integral-Derivative 

𝑍1 Acoustic impedance, Pa/s.m3 PSWR Pressure standing-wave ratio 

𝛾 Ratio of specific heat   
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 Introduction 
Affordable energy, in particular electricity [1] has the potential to improve the lives [2] of 

around one billion people that still have no access. The majority of these people either do not 

have mains electricity or it is too expensive for them [3]. Moreover, cooking activity requires 

particular attention in rural communities. A social assessment revealed that a smoke-free 

cooking stove that generates electricity is more attractive in rural and poor communities [4].  

Various techniques that use low-temperature waste heat and renewable energy sources to 

generate electricity have the potential to address energy poverty levels [3] whilst at the same 

time minimise greenhouse gas emissions [1] and decrease fossil fuel consumption. These low 

temperature techniques can be categorised into Organic Rankine cycles, thermo-electric, 

Ericsson cycle, externally fired gas turbine, and Stirling cycles (piston driven and thermo-

acoustic). A previous research has assessed the suitability of each technology for domestic 

electricity generation against key enablers to uptake in the rural communities, capital cost [5] 

and the requirements of local communities [6].  

1.1  Organic Rankine Engines (ORE) 

Ramos et al [7] propose solar driven ORE for generating electricity in the built environment 

and Kiyarash presented a review of ORE for small scale applications [8] using a variety of 

waste heat sources. However, Li points out the environmental impact of the various working 

fluids [9] making it questionable if OREs are suitable for domestic use in rural areas. The 

complexity and cost of ORE is a further inhibitor to uptake. 

1.2  Thermo-electric generators (TEG) 

Various proposals for using TEG for generating electricity from waste heat for domestic use 

have been made, for example from the heat of a car exhaust [10]. However, Elghool [11] 

highlights that although the basic TEG cost is low, it requires considerable balance of plant, 

especially heat sinks that significantly increase the costs to the end-user. Electrical power from 

TEG is a function of the square of the hot to cold junction temperature [12] and ambient 

temperatures are relatively high in the target countries. Reducing the size of heat exchangers 

to save cost results in a disproportionally large loss in electrical output. When combined with 

the present relatively low efficiency of TEGs [13] and the theoretical loss when powered from 

a flame source [14],  may explain their lack of uptake except in a few low volume cases [15]. 

1.3  Ericsson Cycle 

It was named after an inventor John Ericsson who designed the cycle in 1833. The compression 

and expansion of the gas parcels occur in a counter-flow heat exchanger isolated from the hot 

and cold heat exchangers [16], with a number of valves separating the different parts. One of 

the significant drawbacks of the cycle is its valve mechanism, which increases the cycle's 

complexity, and manufacturing cost, and therefore, it minimises the reliability.  

1.4 Externally fired gas turbine (EFGT) 

The externally fired gas turbine (EFGT) is a novel technology that utilises waste heat from the 

turbine in a recuperative process [17]. The EFGT is being developed for small and medium-

scale power and heat generation. One of the most important challenges is the requirement of 

using a high temperature heat exchanger to transfer the combustion gases into the working gas. 

The availability of high-temperature material, effective welding and sealing would be 

problematic, and therefore, results in a high manufacturing cost. 
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1.5 Stirling Cycle 

1.5.1 Piston Stirling Engines 

Invented in 1816, by Dr Robert Stirling, the cycle takes heat from a hot source to a cold one to 

extract energy. This energy can be converted to electricity [18] in various ways. A gamma type 

of Stirling piston engine for waste heat recovery was proposed by Wan et al [19] and Yoshihara 

compares other Stirling engine formats, including the free-piston engine that removes the 

crankshaft to reduce cost [20]. 

1.5.2 Thermo-acoustic Engines 

Removing components is a method for reducing cost over and above the Yoshihara’s proposals, 

leads to the travelling wave Thermo-Acoustic Engine (TAE) which works on the Stirling cycle 

but with no moving parts. In 1969 Rott investigated  thermal instability in tubes[21] and  

Ceperley proposed a travelling wave thermo-acoustic engine [22]. Swift developed a 

theoretical framework for designing thermo-acoustics engines [23]  leading to a 13.8 bar 

helium engine that delivered 630 W of electrical power [24]. As with Piston base Stirling 

engines TAE have various configurations, the main categories being standing wavs and 

travelling wave [25]. Standing-wave engines have been investigated intensively [24]. They are 

not efficient because of the inherent irreversible thermoacoustic conversion processes [26], 

although recent work using a two-stage standing-wave configuration has achieved over 30W 

with low heat input [27]. Travelling-wave TAEs employ a compact acoustic network to obtain 

the proper time phasing within the regenerator so that the gas undergoes a Stirling-like 

thermodynamic cycle to deliver acoustic power from heat energy [28] and they are therefore 

more efficient. Significant progress on the efficiency of TAEs has been achieved over the last 

10 years mainly using travelling wave engines.  

An early version of the travelling-wave TAE, the well-known torus configuration travelling-

wave engine developed by Backhaus and Swift, delivered 710 W acoustic power. It also 

achieved a respectable thermal to acoustic efficiency of 13%, and a relative Carnot efficiency 

of 30%. This configuration used 30 bar pressurised helium as the working gas at a high 

operating temperature of 725˚C [29], and thus it would not be useful for developing world 

applications. Up to now, the most efficient traveling-wave TAE has achieved a efficiency of 

49% of Carnot efficiency [30]. 

Travelling-wave TAEs with a single-core design are typically more efficient for high 

temperature operation and have a higher onset temperature [31] There have been attractions in 

using single-stage TAEs for developing world applications [32] due to their lesser complexity 

[33], However, research has led to the use of multiple thermoacoustic cores in the 

thermoacoustic travelling-wave engine to enable the onset of oscillation at a much lower 

temperature [31] and also to enhance the thermoacoustic amplification [34]. 

The most advanced and powerful of these multistage systems contain two [35] three [36] or 

four [37] cores, generating 204 W, 1.57 kW,(against a target of 3 kW)  and 1.2 kW of power, 

respectively and Aster, a Dutch company are designing a 4 stage 10 kW unit using a turbo 

alternator. [38] This level of power was achieved by pressurising the gas to as much as 6 MPa. 

Pressurisation of the working gas can increase the power output by the order of the square root 

of the pressure. However, these mainly use high pressure helium as the working fluid that 

present sealing and cost problems and make them unsuitable for domestic power applications, 

although the increased power may be suitable for village wide use. 
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Thermoacoustic engines can be integrated into efficient wood cooking stoves to provide 

electricity while cooking [39], but the output and efficiency have to date proven to be too low 

[32]. Recent social science studies have suggested that an ideal system would generate about 

100 W of electrical energy and cost less than $100, and even 20 W conveys considerable 

benefits [40]. If research can increase the power output, the system could benefit the 3.3 billion 

who live in rural areas, of whom almost half use biomass for cooking but have no access to 

electricity [41]. There is a reluctance to take up efficient “smokeless” stoves and studies have 

shown that this reluctance can be overcome if the stove can also generate enough electrical 

power for small appliances such as LED lights ( < 5 W), charging mobile phone (5 W), radio 

(< 1 W), or an iPad (10 W) or small laptop (< 40 W) [1,6] . This improvement could result in 

an increase in the uptake of “smokeless” stoves and would have a secondary benefit, since 

smoke-related diseases are the second-biggest killer in the developing world after malaria [42]. 

To meet this requirement, a system must be simple to construct and cheap to maintain. An 

assessment of technologies carried out in 2014 [5]  identified that thermoacoustics integrated 

into a stove could be more cost-effective than most other electrical generation technologies 

(when efficiencies increase) except hydroelectricity, although the decreasing cost and 

increasing efficiency of solar power in recent years have brought the latter back into contention 

[43], although [44] suggests that there is still research needed to enhance the stability and 

manufacturability of this solar power technology.  

The thermoacoustic engine (TAE) is a new and promising technology that utilises heat to 

produce high-intensity sound waves that, in turn, can be utilised to generate electricity or 

refrigeration. There are many applications for thermoacoustic technology, such as refrigeration 

to obtain low cooling capacity [45]  as well as high cooling capacity [46] electricity generation 

for both waste heat recovery [15,16] and high temperature applications [17,18] monitoring of 

nuclear fusion temperatures [47,48]. A TAE is highly reliable and is easy to construct since 

there are no mechanical moving parts except the alternator, which makes it ideal for application 

in the developing world. The TAE consists of an acoustic resonating tube and a core that is 

composed of a section of porous media between a hot and a cold heat exchanger [49] The 

expansion and contraction of the air between these heat exchangers causes pressure 

fluctuations. These pressure fluctuations propagate around the loop to return to the heat 

exchangers. If the pressure fluctuations return in phase, a strong acoustic field can be 

generated. An alternator, such as a loudspeaker, is used to harvest these oscillations to produce 

electrical current.  

Once the thermal gradient has generated the acoustic power, electrical power can be harvested 

using the only moving part, the acoustic to electrical transducer. This transducer may be a 

linear alternator [50] or a rotating device [51]. The introduction of the acoustoelectric 

transducer alters the acoustic impedance within the system, and therefore, degrades efficiency. 

The proper acoustic impedance conditions can be obtained by optimising the regenerator 

dimensions and/or position [52] or by adding impedance matching techniques such as a stub 

branch [53] compliance resistance tube [54] variable electric load resistance [55] ultra-

compliant loudspeaker [56]. 

To meet this need, the SCORE (Stove for Cooking Refrigeration and Electricity supply) 

consortium (www.score.uk.com) was created in 2007. It was managed by the University of 

Nottingham and worked with Practical Action to address this problem by developing clean, 
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efficient cooking stoves that generate electricity. The social research carried by SCORE 

revealed that the electrical power rating of an ideal power generating stove in the developing 

world should target a range of electrical power output of  50 - 100 W, with a manufacturing 

cost that should ideally not exceed 200 pounds [1]. However, the different designs created for 

SCORE either the electrically heated prototypes [32,57] or the ones integrated to cooking 

stoves [58,59] and those of researchers around the world [27,55] has produced a range of 

variations all striving to reach the 50 – 100 W target to make the technology viable. In addition, 

there has been related research in the development of coolers and refrigerators based on 

thermoacoustic technology [45]. 

One of the developments from SCORE is a twin-core design thermoacoustic engine [58]. This 

system is not yet capable of meeting the target but has managed to generate 12.6 W when 

integrating to a wood burning stove [60]. In this design, the two cores were placed side by side 

so that the hot gases from the fire heated them evenly. This paper explains and proves that the 

electrical power output from this twin-core system can be increased significantly by heating 

each core by different amounts depending on the location in the feedback tube. Evenly heated 

core has led to asymmetric impedance within the two symmetric engine cores. A novel 

asymmetric heat methodology has applied to the two hot heat exchangers, and this has 

significantly balanced the acoustic conditions throughout the system. Up until now, no previous 

study has reported the effectiveness of the asymmetric heat distribution in improving the 

thermoacoustic effect within the thermoacoustic cores of multistage thermoacoustic systems. 

 Theoretical Modelling 

2.1 DeltaEC software 

For an in-depth understanding of the behaviour of the thermoacoustic system considered in this 

research and to predict the performance of the existing prototype, a design software code 

referred to as DeltaEC (Design environment for low-amplitude thermoacoustic Energy 

Conversion) was chosen. DeltaEC is a specialised software that has emerged as a powerful tool 

for analysing TAEs and refrigerators [49]. DeltaEC is a python-based numerical code written 

by Swift and Ward from Los Alamos National Laboratories group, and it is based on the linear 

thermoacoustic theory. DeltaEC numerically integrates the continuity, momentum, and energy 

equations to obtain the pressure, volumetric velocity and the phase difference between them 

along the thermoacoustic devices. DeltaEC enables users to construct the geometry of the 

system from segments previously defined in the software, such as ducts, heat exchangers and 

regenerators. It numerically integrates the wave equation and other equations, such as the 

energy equation, throughout the whole system in one spatial dimension based on a low-

amplitude “acoustic” approximation and sinusoidal time dependence of the variables [61]. 

DeltaEC adopts a shooting method to satisfy various boundary conditions set by the user. The 

governing equations used in DeltaEC are shown in [62].  

2.2 Description of the model of the current system 

Since this research targets the developing world, atmospheric air is selected as the working 

gas. The maximum high and low temperatures were chosen to match experimental values of 

between 90ºC and 650ºC, respectively. The total heating power was added into the system via 

two identical electrical heaters and it was varied in the range of 2.1 - 3 kW. This mimics the 

input of the heat from combustion. The total heat was split by different percentages between 

the two stages. The predictions obtained by the DeltaEC simulation have shown that changing 

the heat ratio for each hot heat exchanger (HHX) could affect the performance. Accordingly, 
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the heat ratios were set as 40%:60%, 50%:50%, 55%:45%, and 60%:40% to match those in 

the experiments. The system operates at 73 Hz working frequency. To verify the numerical 

results against the lab data, the load resistance of the loudspeaker was set to 35.5 Ohm. The 

DeltaEC model was verified against the experimental data shown below to confirm the 

findings. 

 

The model have been validated against the simulation without varying the heat input ratio. 

This section to show the behaviour of the model. The functional diagram of the model used in 

the DeltaEC simulation is presented in Fig. 1(b). The model was constructed using several 

DeltaEC segments such as DUCT, HX, STKSCREEN, STKDUCT, BRANCH, and 

IESPEAKER with the same design parameters of the existing prototype, as displayed in Fig. 

2. The required input parameters for each segment are explained in detail in [61]. The starting 

point of the simulation is at 𝑥 = 0, which is shown in Fig. 1(b) at the cold end of the main 

AHX of engine 2. The acoustic wave travels anticlockwise until it returns to 𝑥 = 0. At this 

point, the target boundary conditions of the model are matched to the starting conditions. The 

matching conditions are the pressure amplitude, the volumetric velocity amplitude, and their 

phases. The blue arrows in the schematic in Fig. 1(b) indicate the dominant flow of the 

travelling wave through the system.The steps involved in DeltaEC simulation of the 

asymmetrically heat thermoacoustic electricity generator are outlined in Fig. 3. 

 
Fig. 1: The two-stage looped-tube thermoacoustic electricity generator. (a) Photo of the apparatus. (b) 

Schematic diagram provided with a key to show the system components and the location of the 

measurements: P for pressure readings, and T for temperature. 
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Fig. 3: Flow chart of the DeltaEC iteration process of the asymmetrically heated thermoacoustic 

engine. This process can be applied to any looped tube thermoacoustic system with a power extractor. 

 

 

Fig. 2: DeltaEC segments block diagram for the two-stage looped-tube thermoacoustic electricity 

generator showing the system components, and the distribution of the heat in the two cores, 𝑄1, and 

𝑄2, respectively. 
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 Experimental Methods 
To validate the model a series of experiments were undertaken in the SCORE engine. The 

SCORE engine comprises a two-stage thermoacoustic engine designed to operate in travelling-

wave mode. The system uses a loudspeaker that works in reverse as linear alternator, although 

there are other alternatives such as bi-directional turbines that are clearly summarised in [63] 

For this application, the driving force was the cost and availability of the parts in remote 

villages. Two matching stub branches were used to correct the acoustic filed, as illustrated in 

Fig. 1.  

 The engine is essentially a looped-tube configuration, The looped-tube arrangement offers the 

advantage of utilising a low-temperature heat source with a lower temperature gradient through 

each stage either two [31] or more [64]. The general arrangement of each engine (core) consists 

of a regenerator that is located between two heat exchangers: an ambient heat exchanger (AHX) 

and a hot heat exchanger (HHX). The core also contains a thermal buffer tube (TBT) and a 

secondary ambient heat exchanger (SAHX), as shown in Fig. 1(b).  

The AHX Fig. 4(a) is made of the core of a commercially available low-cost car radiator, 

suitably modified to fit the TAE. It has a rectangular cross-section of 25 × 21.7 c𝑚, with tube 

plates of 1 𝑐𝑚 pitch and 1 𝑚𝑚 spaced fins. AHX is cooled by tap water, which means no pump 

is required for this system. The HHX Fig. 4(c) is made of 3 𝑚𝑚 thick convoluted stainless 

steel plate ( 23.3 ×  30.7 𝑐𝑚 ) to achieve a quick warming-up time, and also to maintain a low 

cost for the engine core. To provide a controlled and repeatable input of heat energy, the HHX 

is heated by two external custom-made electrical heaters. Each heater consists of 12 nichrome 

heating coils connected in series, and all are embedded inside two individual enclosure heating 

blocks. To control the temperature of the two heaters, the system is equipped with two 

separated PID (Proportional-Integral-Derivative) controllers. The HHX plate is welded to a 

flange that is designed to be directly bolted to the engine housing and provide a good seal.  The 

regenerator Fig. 4(b) is the key component where the thermoacoustic effect takes place. The 

interaction between the air and the wall of the regenerator forces the gas parcels to undergo a 

Stirling-like cycle, and therefore producing acoustic power. It is sandwiched between the AHX 

and HHX and is formed by stacking 50 pieces – 80 mesh stainless-steel screens machined to a 

required size of 20 ×  20 𝑚𝑚. The mesh wire has a diameter of 95 𝜇𝑚 and a pitch of 250 𝜇𝑚. 

The dimensions of all parts of the system are given in detail in Table 1. 

Fig. 4: Photos of the components used to build the two cores of the thermoacoustic electricity generator. 

(a) The ambient heat exchanger. (b) The regenerator. (c) The convoluted plate hot heat exchanger.  



Page 11 of 29 
 

Table 1. Design parameters of the components of the double-core thermoacoustic system 

Part Parameter Value 

 

Ambient heat exchanger 

Length, 𝐿 (𝑚𝑚) 25 

Porosity, ∅ (%) 70 

Plate spacing, 2𝑦0 (𝑚𝑚) 2.934 

 

Regenerator 

Length, 𝐿 (𝑚𝑚) 12 

Porosity, ∅ (%) 73 

Hydraulic radius, 𝑟ℎ (𝜇𝑚)  97 

 

Hot heat exchanger 

Length, 𝐿 (𝑚𝑚) 40 

Porosity, ∅ (%) 75 

Plate spacing, 2𝑦0 (𝑚𝑚) 9 

Thermal buffer tube Area, 𝐴 (𝑚²) 8.33E-03 

 

Secondary ambient heat exchanger 

Length, 𝐿 (𝑚𝑚) 10 

Porosity, ∅ (%) 71.3 

Plate spacing, 2𝑦0 (𝑚𝑚) 2.934 

Tuning stub Area, 𝐴 (𝑚²) 

Length, 𝐿𝑠𝑡𝑢𝑏 (m) 

3.85E-03 

0.70 

Feedback loop Area, 𝐴 (𝑚²) 3.85E-03 

   

The AHX, regenerator, and HHX all are positioned between the upper and lower housings. The 

upper housing is 3 𝑚𝑚 thick and was manufactured from mild steel as it does not directly 

experience high temperatures. In contrast, the lower housing is in direct contact with the HHX. 

It is therefore made of 3 𝑚𝑚-thick stainless steel, which has a low thermal conductivity, so the 

parasitic heat losses are minimised. To separate the SAHE from the hot gases and reduce heat 

dissipations, a section of stainless-steel pipe (the TBT) is positioned immediately below the 

HHX. An SAHX is placed after the TBT to cool the air, so it doesn’t pass to the alternator 

(loudspeaker). As shown in Fig. 1(b), the two engine stages are connected using two lengths 

of 70 𝑚𝑚 inner diameter PVC pipes called a feedback loop in a 
𝜆

4
/

3𝜆

4
 ratio. There are two 

additional 70 𝑚𝑚 diameter PVC pipes perpendicular to the feedback loop named tuning stubs. 

The function of the stub branches is to enhance the impedance matching between the acoustic 

wave and the LA, and to maintain the required phase angle between the velocity and pressure 

in a travelling-wave condition through the regenerators. All the pipework and the fittings are 

PVC to reduce the cost of the system, as affordability is a key factor. 
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The system is coupled with a single loudspeaker (model JL 6W3v3-4) to harvest the electrical 

power.  Basically, the acoustic power generated from the two engine stages flows into the 

loudspeaker and oscillates its diaphragm, and thus moving a coil in a magnetic field that 

generates voltage. The loudspeaker is connected in series after the SAHX of the second engine 

to ensure better cooling of the air. Using only one loudspeaker has led to a lower cost and a 

simple design. This configuration aids suppression of the acoustic streaming which might cause 

non-linear heat dissipations from an HHX. The specifications and the Thiele/Small parameters 

of the loudspeaker are presented in Table 2. 
Table 2. Thiele/Small parameters of the loudspeaker used in the double-core system to harvest the 

electrical power 

Area,  

𝑨𝑳.𝑨 (𝒎²) 

 

Force 

factor, 

 𝑩𝒍 (𝑻. 𝒎) 

Electrical 

resistance,  

𝑹𝒆 (𝜴) 

Electrical 

inductance,  

𝑳 (𝒎𝑯) 

Moving 

mass, 

𝑴 (𝒈) 

Stiffness, 

𝑲 (𝑵/𝒎) 

Mechanical 

resistance, 

𝑹𝒎 (𝑵. 𝒔/𝒎) 

1.96E-02 14 4 10 20 4778 0.18 

 

Temperatures were monitored using eight thermocouples (Type-K RS Components, ±1⁰C 

accuracy) embedded at various locations. Six of them were in the thermodynamic section to 

measure the hot and cold temperatures of each regenerator, and the rest were used to measure 

the cooling water flowing into and out of the AHX. A water flow meter (Type TM-47X, FMS 

Rotameter RSeries 2000, ±1.2% accuracy of indicated flow) was employed for monitoring the 

water flow rate of the system. Three absolute pressure transducers (model IMPRESS: 

IMPA5000-1A4-BXV-00-063, ±0.1% accuracy) were inserted at important locations to 

capture the pressure variation. Two of them were attached to each AHX, and one was connected 

to the feedback loop. One differential pressure sensor (model ABPMJJT015PGAA5, ±0.25% 

accuracy) was installed in the loop to capture the volumetric flow rate, and therefore to estimate 

the acoustic power of the loop. The readings of the thermocouples and the pressure transducers 

were recorded through a cDAQ Data Acquisition system connected to a custom-built 

LabVIEW Program. A wide-range power variable resistor (model VISHAY®, range 0-100W, 

and ±0.1% accuracy) was adopted as an electrical load for the loudspeaker in order to harvest 

the electric power from the system. This was set to 35.5 Ohms to match the model. The voltage 

difference and the current output from the loudspeaker were measured by a power analyser 

(model KinetiQ PPA2530, ±0.04% accuracy). 

In order to quantify the performance of the system, it is important to determine the heating 

power, the acoustic power and the electric power output. The most complicated parameter to 

measure is the acoustic power, which is defined as a time-average energy flux accompanied by 

pressure oscillations and velocity of the working gas. Accordingly, measurements of the 

pressure amplitude, volumetric velocity amplitude, and their phases are mandatory for 

estimating the loop acoustic power. 

One of the best-known tools for assessing acoustic power is the so-called two-pressure sensor 

method [65]. Conceptually, this method employs two absolute pressure sensors placed adjacent 

to each other to obtain the velocity of the oscillating gas. Perhaps the most serious uncertainty 

of this method is the accuracy of the phase angle between the pressure and the velocity. To 

reduce error in the acoustic power, the two transducers should be separated by a velocity 

antinode and a relatively large distance of the order of 60 cm. The accuracy of the measuring 

sensor for the phase angle measurement should be less than 0.01 degrees. Hence, a more 
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durable way of measuring the acoustic power can be achieved using an alternative method 

referred to as “gradient method” [66], which is employed in the current system. The method 

utilises one differential pressure sensor plus one absolute pressure transducer based on the 

acoustic pressure gradient in the working gas to directly calculate the mass of the air between 

the two sensors, the acoustic velocity, and the acceleration. The distance between the two 

sensors is small compared to the two-microphone method, so no empirical correction for 

acoustic loss is required. Acoustic power propagation in the feedback loop is defined as: 

 𝑃𝐴𝑐. =
1

2
A. 𝑅𝑒(𝑝1𝑢∗

1) (1) 

 =
1

2
A. �̂�1�̂�1 cos ∅ (2) 

Here: A is the cross-sectional area of the feedback loop (m²), 𝑝1 is the pressure amplitude of 

oscillation (Pa), which is the signal obtained from the absolute sensor, and 𝑢1 is the acoustic 

velocity (m/s) and can be given as: 

 𝑢1 =
∆𝑝1

𝜔𝜌𝑚∆𝑥
(− icos ∅ + sin ∅) (3) 

Where: ∆𝑝𝑎 is the output signal from the differential pressure sensor (Pa), ∆𝑥  is the distance 

separates the two probes of the differential sensor (m), ∅ is the measured phase between 𝑝1 

and ∆𝑝1, 𝜔 is the angular velocity (rad/s), and 𝜌𝑚 is the mean density (kg/m³).   

Subsequently, the acoustic power can be found by substituting the real part of the acoustic 

velocity in Eq.(2): 

 𝑃𝐴𝑐. = A. �̂�1

∆p1

2𝜔𝜌𝑚∆𝑥
sin ∅ (4) 

 Results and discussion 
 

 
Fig. 5: Sankey diagram visualising the energy distribution in the thermoacoustic system. 

The heat flow of the system is summarised and illustrated in Fig. 5. The net heating power is 

used to power the two thermoacoustic engines TAE1 and TAE2, where most of this heat is 
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converted into acoustic power by the engines. The remaining heat of the thermoacoustic 

engines is removed away by the ambient heat exchangers and lost to the thermal buffer tubes. 

Acoustics power is then flowed into the alternator and lost due to transmission loss on the 

feedback pipe. The alternator is eventually extracted the electrical power from the net acoustic 

power.  

Fig. 6 to 11 demonstrate the variation of the key acoustic parameters throughout the system 

obtained from the DeltaEC simulation. The four curves in each graph correspond to the various 

heat input ratios directed into the two HHXs: 40%, 50%, 55% and 60% of the heat was directed 

into HHX1, and the power in core 2 was set so that the total heat supply remained constant. No 

other variables were adjusted. The changes in the pressure amplitude of oscillation are 

displayed in Fig. 6. It is obvious that all the curves have the same trend for all the heat supply 

percentages. The numbers shown in the graphs identify the locations from the schematic 

representation in Fig. 1(b). 

The pressure amplitude drops at each of the two regenerators (1 and 3) because of their flow 

resistance. It also decreases across the loudspeaker (2) due to its acoustic resistance, which is 

the product of the mechanical resistance Rm, electrical resistance 𝑅𝑒, load resistance 𝑅𝐿, 

compliance 𝐶𝐿𝐴 and inertance 𝐿𝐿𝐴. The two stubs do not influence the pressure amplitude 

significantly. 

The pressure standing-wave ratio (PSWR) in the system is approximately 2.97 because of the 

reflections where the cross-sectional area of the resonator changes. For practical travelling-

wave systems, a PSWR of less than 1.8 is considered good [67]; this can be achieved using 

several techniques such as varying the length of the branch pipe. There is a higher pressure 

drop through the alternator (loudspeaker) when 40% of the heat is directed to HHX1, which 

indicates better extraction of the electric power. In other words, a 48% increase in the electrical 

power output can be achieved when the balance of heat goes from 50% to 60% in the second 

engine. The location of the pressure anti-nodes altered slightly in the four heat supply ratios, 

particularly near the end of the feedback loop due to the small change in the operating 

frequency. 

Fig. 6: Peak pressure variation along the loop for different heat input ratios: 𝑄1 in heater 1 and 𝑄2  in 

heater 2, and a fixed 2500W total heat input. Numbers are consistent with Fig. 1(b). 

1 Regenerator of stage 2        
2 Loudspeaker                        
3 Regenerator of stage 1        
4 Feedback loop                     
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The distribution of the acoustic volumetric velocity throughout the thermoacoustic loop for 

different ratios of the total heating power is shown in Fig. 7. No obvious differences are 

observed in the trend of all the curves other than those noted previously. The volumetric 

velocity is low at the AHX of regenerator 1 and regenerator 2 (locations 1 and 3), which is the 

expected design to eliminate viscous dissipations and to enhance the amplification of the 

acoustic power in the system. The volumetric velocity is effectively reduced due to the enlarged 

cross-sectional area of the thermoacoustic core, which is crucial for powerful operation. Also, 

the curves show that volume flow rate has a second low value at location 6 (stub branch), which 

corresponds to the location of the highest pressure amplitude. Moreover, there is a high 

decrease in the volume velocity at this location, which indicates that the stub removes part of 

the volumetric flow from the loop. In contrast, there is a significant increase in the volume flow 

rate across the two regenerators as a result of the increasing temperature gradient. After the 

alternator (loudspeaker) and before the SAHX, there is a region between locations 1 and 5 

where the pressure amplitude decreases and volumetric velocity increases. Of the four heating 

power ratios, the 𝑄1 = (40%𝑄𝑇): 𝑄2 = (60%𝑄𝑇) has the highest pressure amplitude and the 

highest volumetric velocity amplitude compared to the other ratios, while the 𝑄1 = (60%𝑄𝑇): 

𝑄2 = (40%𝑄𝑇) produces the fewest oscillations. 

The mean temperature distribution with respect to the axial coordinate is presented in Fig 8. 

For the four tested heating power ratios, the temperature decreases along the thermal buffer 

tubes TBT2 and TBT1 from hot temperature to mean temperature. The length of the thermal 

buffer tube should be longer than the peak-to-peak displacement amplitude [49]. Too short 

thermal buffer means inadequate thermal insulation. On the other hand, too long thermal buffer 

tube means higher viscous loss. The mean temperature of the gas across the pipe work is 

independent of 𝑥 for all the heat input ratios. The graph shows a hot end temperature of around 

585 K in the second thermoacoustic engine, and in the order of 530 K in the first engine when 

40% of the heating power is supplied to HHX1. For 𝑄1 = (40%𝑄𝑇): 𝑄2 = (60%𝑄𝑇) the hot 

end temperature is around 533 K in the second engine and 637 K in the first engine.  

 

Fig. 7: Peak volumetric velocity variation along the loop for different ratios of the heating power: 𝑄1 in 

heater 1 and 𝑄2  in heater 2, and a fixed 2500W total heat input. Numbers are consistent with Fig. 1(b) 

1 Regenerator of stage 2        
3 Regenerator of stage 1        
4 Feedback loop                     
5 Stub 2                                  
6 Stub 1 
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Fig. 8: The variation of the mean temperature of the working gas along the loop for different heat input 

percentages: 𝑄1 in heater 1 and 𝑄2  in heater 2, and a fixed 2500 W total heat input. Numbers are 

consistent with Fig. 1(b) 

The acoustic impedance is plotted in Fig. 9. For all the heat ratios, there are two higher acoustic 

impedance values at locations 1 and 3 that correspond to the thermoacoustic regenerators. 

These values represent 14.4 and 7.2 times the specific acoustic impedance of the gas 
𝜌𝑚𝑎

𝐴𝑔
⁄  

when the heat is equally distributed between the two engines. These values change to 11.9 at 

regenerator 1 and 8.3 at regenerator 2 when applying 40%:60% in the two HHXs. This reflects 

that the impedance in the second core is relatively better when using two-thirds of the heat in 

the second stage. In travelling-wave TAEs, a standard practice is to set the absolute value of 

the regenerator impedance within the range of 10-20 times the specific acoustic impedance to 

limit the impact of viscous dissipations in the regenerator [31]. The acoustic impedance 

dropped at the alternator (location 5) where the volumetric velocity was constant at the two 

sides of the diaphragm. At the tuning stubs (locations 5 and 6), the impedance decreased due 

to the constant pressure amplitude at the junction between the stub and the feedback tube. To 

optimise the whole system, introducing the stubs within the loop reduced the reflections and 

compensated the acoustic impedance drop caused by the alternator (loudspeaker). 

Fig. 9: Acoustic impedance variation along the loop for different heat input percentages: 𝑄1 in heater 

1 and 𝑄2  in heater 2, and a fixed 2500 W total heat input. Numbers are consistent with Fig. 1(b) 

1 Regenerator of stage 2        
2 Loudspeaker                        
3 Regenerator of stage 1        
4 Feedback loop                     
5 Stub 2                                  
6 Stub 1 

1 Regenerator of stage 2        
2 Loudspeaker                        
3 Regenerator of stage 1        
4 Feedback loop                     
5 Stub 2                                  
6 Stub 1 
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The phase angle between the pressure and the volumetric velocity of oscillation throughout the 

loop is illustrated in Fig. 10. The graph again shares the same trend among the four different 

heat ratios being added to the two cores. For all the cases, the two regenerators (locations 1 and 

3) are close to zero, which would be expected for a travelling wave. After the alternator 

(location 2), there is a rapid decrease in the phase angle. In contrast, there are two sharp 

increases in the phase at the two stubs (locations 5 and 6) to counteract the sharp decrease in 

the phase angle caused by the alternator (loudspeaker). When supplying 2.5 kW total heat 

power, Q𝑇  , with different ratios across the two stages, the phase angle within the system is 

altered. For example, applying 60%𝑄𝑇 instead of 40%Q𝑇  into the HHX2 shifts the phase angle 

within the first regenerator from −40° to −18°. The phase angle range within the feedback loop 

changes from −40° < ∅ < 40° to −34° < ∅ < 34°. One of the design strategies to fulfil in 

travelling-wave TAEs is that the phase angle between the pressure amplitude and the 

volumetric velocity amplitude should be close to zero or slightly negative within the 

regenerator. In addition, near travelling-wave condition should be maintained in at least one 

part of the feedback tube. Thus, the amplification of the acoustic power within the regenerators 

can be maximised and the acoustic power dissipation within the feedback pipe can be 

minimised. The phase angle at 2.7 𝑚 equals zero when using 60% in HHX2, so using one-third 

Fig. 10: Distributions of the phase difference between the pressure wave and the volumetric velocity for 

different heat input ratios: 𝑄1 in heater 1 and 𝑄2  in heater 2, and a fixed 2500 W total heat input. Numbers 

are consistent with Fig. 1(b) 

1 Regenerator of stage 2        
2 Loudspeaker                        
3 Regenerator of stage 1        
4 Feedback loop                     
5 Stub 2                                  
6 Stub 1 
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of the total heat at the first core minimised the phase angle in the loop and in turn the acoustic 

losses. 

The variation in acoustic power throughout the thermoacoustic loop using different heat ratios 

is given in Fig. 11. It shows that the acoustic power flow is at the lowest level when using two-

thirds of the total heat in the first stage, and the acoustic loop power increases gradually when 

increasing the heat ratio in the second core and reducing the ratio in the first heater. This is 

because the intensity of the acoustic oscillation in 60%:40% is not as strong as those in the 

other three heat ratio sets, as presented in Fig. 6 and 7. For all the ratios, the curves again have 

the same relative characteristics. In the base case where the total heating power is split evenly 

between the two heaters, DeltaEC predicted that 58.4 W of the acoustic power from the 

resonance tube travels toward HHX2. Only 1 W is dissipated within AHX2. The remaining 

Fig. 11: Acoustic power variation along the loop for different heat percentages: 𝑄1 in heater 1 and 𝑄2  
in heater 2, and a fixed 2500 W total heat input. Numbers are consistent with Fig. 1(b) 

1 Regenerator of stage 2        
2 Loudspeaker                        
3 Regenerator of stage 1        
4 Feedback loop                     

Fig. 12: Loop acoustic power relation with the temperature difference across the regenerator when the 

total heating power varies in the range of 2100 to 3000 W for three heat input ratios. Reg.1 represents 

regenerator of stage 1 (number 3 in Fig. 1(b)), and Reg.2 represents regenerator of stage 2 (number 1 

in Fig. 1(b)). 
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57.4 W enters the cold side of regenerator 2 where the acoustic power is amplified to 77.5 W 

by consuming 1.25 kW of total thermal power. Minor losses of 1.8 W are incurred in HHX2, 

TBT2, and SAHX2. 24.4 W electrical power was extracted by the alternator (loudspeaker) with 

a thermal-to-acoustic conversion efficiency of 2.3%, an acoustic-to-electric efficiency of 

41.8%, and a thermal-to-electric efficiency of 0.98%. 

The onset temperature is also important to evaluate the performance of the thermoacoustic 

systems. The efficiency is generally better when the onset temperature is low. Therefore, to 

assess the current rig for the tested heat input percentages, the loop acoustic power is plotted 

against the temperature difference across the two regenerators in Fig. 12. Clearly, the acoustic 

power amplification in the second regenerator decreases when the heat ratio into the first core 

is larger and the onset temperature increases in this case. However, in the first regenerator, the 

reverse happens. In fact, there is a significant drop in the onset temperature of the second core. 

This drop is larger in magnitude than the increase in the onset temperature of the first core. 

Generally, the onset temperature difference and the steepness of the loop power against 

temperature difference curve are indicators of the performance of a thermoacoustic system. A 

low onset temperature difference means low dissipation and adequate acoustic matching 

between the various components of the system. A steep power increase against temperature 

indicates good heat transfer of the AHXs and HHXs and also reflects low acoustic loss [31]. 

 Validation of DeltaEC results 
The results of the numerical modelling were surprising. More power is shown to be gained 

from the asymmetrical power distribution. Therefore, the performance of the experimental rig 

was assessed using the same operational concept. Fig. 13(a) and 13(b) compare the lab results 

of the same ratio of heating power (for total heat inputs of 2.1-3 kW), with the same load 

resistance of the alternator (loudspeaker) used in the DeltaEC simulation. Both the acoustic 

power and the electric output increase linearly with the total heat input. Extra power could be 

gained from the system by simply supplying a higher heat ratio into the second core. This is 

due to the stronger acoustic wave entering the alternator (loudspeaker) that is placed 

immediately after the second engine. The experimental data showed that with 2.5 kW total 

(a) (b) 

Fig. 13: Performance of the engine under four heat input ratios when the total heating power varies 

in the range of 2100 to 3000 W for three heat input ratios. (a) Acoustic power (b) Electrical power. 

Uncertainty is not significant so error bars are not included. 
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power added into the system with equal distribution across the two engines, the generated 

acoustic power is 48.4 W. This power is raised by approximately 41% to be 68 W when 

applying 40%:60%, and the electrical power is also increased from 16.5 to 23 W. 

This implies that if a higher output power is required from the current design, one should apply 

lower heat power into core 1 and higher into core 2. 

DeltaEC predictions are close to the measured values for all the heat input ratios at low power 

levels, while there is an overestimation in the numerical outputs at high input levels. This could 

be because the heat dissipations to the ambient are considerably higher at a higher heat input. 

Furthermore, the simulation predicted loop acoustic power values that were of the order of 11- 

17% larger than the lab ones, and electrical power values of the order of 27-32%. This suggests 

that the model does not account for all losses in converting thermal power into acoustic power, 

and that the heat dissipation is potentially an issue. For example, a considerable amount of the 

heat was being lost to the feedback pipe walls and at the top of the engine housing instead of 

being directed down into the working gas, which was not considered by DeltaEC. Also, the 

discrepancies in the electrical power reflect that the real loudspeaker is less efficient than the 

simulated version. Fig. 14(a) and 14(b) compare the DeltaEC model against the experimental 

values for the conversion efficiencies of the system for the four above-mentioned heat input 

percentages.  The experimental results yielded a maximum value of the thermal-to-acoustic 

efficiency of 2.7% when using one-third and two-thirds of the total heat in the first and second 

heaters, respectively. At the same ratio, the thermal-to-electric efficiency reached a maximum 

value of 1.3%, which is lower than that noted in [68], where the LA acted as a transduction 

mechanism as well as a mechanical resonator. 

The maximum error of the measured pressure amplitude, temperature, and electrical power 

output are ±1.004 𝑃𝑎, ±1.095 𝐾, and  ±0.118 𝑊, respectively, and calculated based on the 

combined error from both systematic and random errors. The error of the thermal-to-acoustic 

efficiency and thermal-to-electric efficiency are ±0.004, and ±0.008, respectively. 

(a) (b) 

Fig. 14: Effect of the heating ratio on (a) thermal-to-acoustic efficiency and (b) thermal-to-electric 

efficiency for several heating powers when the total heating power varies in the range of 2100 to 3000 

W for three heat input ratios. Uncertainty is not significant, so error bars are not included. 
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In our current design, two main reasons contribute to the poorer efficiencies for the 

experimental data. The first reason is the higher parasitic losses through the engine casing, 

which can be reduced by having hot heat exchangers with staggered fins which will increase 

the heat transfer area, and therefore, significantly enhance the heat transfer rate. Furthermore, 

the working parcels inside the thermal buffer tube should ideally operate as a piston, 

transmitting only pressure and velocity oscillations from one side to the other. The gas should 

prevent heat leaks at the ends of the thermal buffer tube from each other. Convection within 

the thermal buffer tube is an issue because it can transfer enthalpy from one end to the other 

consuming heat from the hot heat exchanger.  
The second reason is that the transduction efficiency of the loudspeaker is lower than the 

theoretical value (around 34%), which degraded the acoustoelectric conversion. It is possible 

that the measured electric output could be doubled by using the alternator reported in [50], 

which was approximately 60% efficient, or installing a bi-directional turbine. However, both 

are too expensive compared to the loudspeaker used in the double-core system, and this 

counteracts the affordability of the system for rural communities. Moreover, the alternator 

(loudspeaker) in this system is placed next to SAHX2. At this location, the acoustic impedance 

has a minimum value. In fact, the maximum alternator (loudspeaker) stroke is reached at 3 kW 

thermal power. Therefore, if more electrical power is to be extracted, and to avoid the stroke 

limitation, the driver should be installed in a high impedance zone.  

Fig. 15 shows the acoustic power and the electric power as functions of the heat input ratio 

calculated using DeltaEC. The horizontal axis displays the ratio of the heat supply into the 

second core divided by the total heat added into the system. The predicted acoustic power 

increases gradually when the heat input power into the first engine is decreased and the heat 

input power into the second engine is increased until it reaches the highest level of 84 W at 

30%:70%. The acoustic power declines when the heat input ratio is greater than 70% in HHX2. 

This behavior is mimicked by the electrical power output where the optimal is 34 W at 70% 

heat ratio in the second stage. Unfortunately, it was impossible to validate with the present 

experimental prototype due to material considerations of the HHXs, which is why the 

experimental results are restricted to a maximum ratio of 40%:60%. 

At this point, the function of the regenerator and its relation to the power amplification and the 

heat input ratio can be discussed further.  
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In a travelling-wave TAE, the regenerator acts as acoustic amplifier with the amplification 

factor, 𝜏, given as the ratio of the hot-side temperature, 𝑇𝐻, to cold-side temperature,  𝑇𝐶: 

 
𝜏 =

𝑇𝐻

𝑇𝐶
 

(5) 

The acoustic power flows out the regenerator can be expressed as: 

 𝑃𝐴𝑐.,𝑜𝑢𝑡 = 𝜏𝑃𝐴𝑐.,𝑖𝑛 (6) 

Where 𝑃𝐴𝑐.,𝑖𝑛 and 𝑃𝐴𝑐.,𝑜𝑢𝑡 are respectively the acoustic power flows into the ambient end and 

out of the hot end of the regenerator. Therefore, the regenerator produces a net acoustic power 

as follows [28]: 

 𝑃𝐴𝑐.,𝑛𝑒𝑡 = (𝜏−1)𝑃𝐴𝑐.,𝑖𝑛 (7) 

The acoustic power flows into the ambient end of the regenerator can be expressed as a function 

of the pressure amplitude as: 

 
𝑃𝐴𝑐.,𝑖𝑛 =

𝐴𝑔|𝑝1,𝑖𝑛|
2

2𝑅𝑒[𝑛𝜌𝑚𝑎]
 

(8) 

Here: |𝑝1,𝑖𝑛| is the pressure amplitude at the ambient end of the regenerator, 𝐴𝑔 is the area of 

the regenerator, 𝜌𝑚 the mean density of the working gas, 𝑎 the speed of sound, and 𝑛 is the 

ratio of the acoustic impedance to the specific acoustic impedance for the regenerator. This 

ratio (also called the impedance enhancement) is set by the system configuration (bypass, or 

looped tube) [31]. Substituting Eq.(8) with Eq.(7) gives the net acoustic power produced by 

the regenerator in the form: 

 
𝑃𝐴𝑐.,𝑛𝑒𝑡 = (𝜏 − 1)

𝐴𝑔|𝑝1,𝑖𝑛|
2

2𝑅𝑒[𝑛𝜌𝑚𝑎]
 

(9) 

 

  

Fig. 15: Dependences of the acoustic power, the electric power as functions of the heating power 

percentage when the total heating power added into the system is 2500 W. 



Page 23 of 29 
 

 

Table 3. Summary of DeltaEC results of the engine using different heat input ratios 

 

 Eq.(9) shows that the net acoustic power is a function of the square of the pressure amplitude 

at the cold side of the regenerator, the amplification factor and the acoustic impedance 

enhancement. Table.3 is provided to illustrate the behavior of the two regenerators with the 

novel operational methodology applied in this study. 

The numerical data shows that when the heat input ratio is varied from 0.6 to 0.4, the pressure 

amplitude, |𝑝1|, at the cold end of regenerator 1 and regenerator 2 increases significantly. Thus, 

a strong acoustic wave is produced which is clearly seen in Fig. 5. Also, the volumetric velocity, 

|𝑈1|, increases in both the regenerators. The thermal dissipation is proportional to |𝑝1,𝑖𝑛|
2
, and 

the viscous dissipation is proportional to|𝑈1,𝑖𝑛|
2
, which reflects that the losses become larger 

with higher heating percentages. The calculated thermal and viscous losses in the two 

 

Parameter 

Heat input percentage, 𝑸𝟏/𝑸𝑻 

0.6 0.5 0.4 

Total heat input, QT (kW) 2.5 2.5 2.5 

Pressure at cold end of regenerator 1, |p1| (Pa) 2745 3525 3849 

Pressure at cold end of regenerator 2, |p1| (Pa) 1939 2782 3431 

Volumetric velocity at cold end of regenerator 1, 

|U1| (m3/s) 

0.017 0.027 0.035 

Volumetric velocity at cold end of regenerator 2, 

|U1| (m3/s) 

0.034 0.042 0.045 

Cold temperature of reg.1, TC (K) 369 371 373 

Hot temperature of reg.1, TH (K) 637 581 530 

Cold temperature of reg. 2, TC (K) 363 363 363 

Hot temperature of reg. 2, TH (K) 533 557 585 

Amplification factor at reg.1, τ 1.73 1.57 1.42 

Amplification factor at reg.2, τ 1.47 1.53 1.61 

Impedance enhancement at reg.1, n 17.2 14.4 11.9 

Impedance enhancement at reg.2, n 6.2 7.2 8.3 

Net acoustic power produced by reg.1, PAc., net (W) 17.2 26.9 29.0 

Net acoustic power produced by reg.2, PAc., net (W) 15.1 31.5 47.4 

Thermal-to-acoustic efficiency,  (%) 1.3 2.3 3.1 

Thermal-to-electrical efficiency,  (%) 0.6 1.0 1.3 
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regenerators are less than 1 W in all the tested heat ratios, which means they have no significant 

effect. 

According to Eq.(9), the net production of the acoustic power is proportional to the square of 

the pressure amplitude, the amplification factor, and the inverse of the impedance 

enhancement. As appeared in Table 3, the net produced acoustic power from the two 

regenerators for the 0.6 heat input ratio in the second engine is significantly increased due to 

the significant increase in the pressure amplitude in the two regenerators; |𝑝1| is increased from 

2745 to 3949 Pa in regenerator 1, and from 1939 to 3431 in regenerator 2, when the heat ratio 

is changed from 0.4 to 0.6. As a result, the net acoustic power from regenerator 1 changed from 

17.2 to 29 W in regenerator 1, and from 15.1 to 47 W in regenerator 2. Moreover, due to the 

heat input methodology, the impedance enhancement in both regenerators tends toward 10-20, 

which is close to the preferred conditions to reduce viscous losses in travelling-wave systems 

[31].  

To be clear, the TAE had previously been optimised for even heat input [67]. At 50%:50%, the 

TAE generated 16.5 W. With no change in configuration, the output power increased to 23 W 

electrical power when the heat distributed ratio was adjusted to 40% in the first engine stage 

and 60% in the second one. This is around a 39% increase in the electricity with no additional 

changes to the system other than the distribution of heat flow. As discussed in the introduction, 

there are many variations of TAEs and many of them are multicore with a single power 

extraction. One drive to publish these results is the desire to see if this increase can be achieved 

with other designs, or if it is only valid for the SCORE design. 

For this reason, it is interesting to note that [69] identified that the symmetrical geometry 

conditions led to an asymmetrical acoustic condition in their three-stage travelling-wave TAE. 

Although their three engine stages have exactly symmetric configuration, the produced 

acoustic power and thermodynamic efficiencies are different for each engine stage. This 

suggests that the phenomena might also be present in other multistage systems and that these 

designers might want to consider whether asymmetric heat input might increase their electrical 

output. 

 Summary and Conclusions 
In this work, a TAE is used to convert thermal energy into acoustic power and then into 

electricity with air at atmospheric pressure as the working gas. A looped-tube TAE with two 

heat sources is considered. A numerical model of the looped-tube double-core TAE has been 

developed with the simulation software DeltaEC, which is validated later through experimental 

tests. Particular emphasis has been placed on investigating the effect of heat input distribution 

from such a double heat source on the conversion of acoustic power. The effect of different 

heat source on heat-to-acoustic energy conversion is investigated. The total heating power in 

the two-core system is varied to be asymmetrical. The two heater blocks are set to deliver 

asymmetric thermal energies. 

The pressure amplitude, volumetric velocity amplitude, their phases, the acoustic impedance, 

and the onset temperature difference have been examined. The results shown that the tested 

parameters are significantly influenced by the way of inputting the thermal energy from the 

heat distribution sources, and as a result, both the acoustic and electrical power outputs 

increase. The physical process of the amplification sound wave in the regenerators by inputting 

different thermal energies from the multiple heat sources is mathematically illustrated and 

analysed. When the heating power is higher in the first engine core, nonlinearity affects the 

power conversion. On the other hand, when the input power from the first heater is lower, 

thermoacoustic oscillations are shown to be amplified. 
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The power output obtained from the numerical model was shown to be greatest at heat ratio 

30%:70%. However, using this ratio in the experimental tests was not possible due to the 

strength limitation of the material of the HHX. 

The simulated loop acoustic power increased to 68.6 W when 40%:60% heat input is applied 

with no other changes to configuration. For the same ratio, the electrical power increased from 

24.4 W to 31.4 W. A similar 39% increase of electrical output was observed in the experimental 

results, showing that this is not an artifact of the DeltaEC program. Compared to SCORE 

project tests of the same experimental apparatus, the current work improved the electrical 

output by 149%. We suggest other researchers using a multistage system look to determine if 

this is a general design tip or just specific to certain types of multistage design. However, results 

suggesting that this occurs elsewhere can be found in the literature. 

This new heat input strategy makes it possible to meet the 50 – 100 W target identified as a 

requirement if this technology is to be implemented in the field, if further modification with a 

known effect, such as pressurisation to 4 bar were to be implemented. Further research is 

needed to see if this improved strategy can be integrated into a new, more compact design that 

still meets the cost requirements.  
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