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The recovery of residual thermal energy is a critical issue in many industrial processes and 

engines. Stirling thermoacoustic engines are proving to have an interesting potential for 

recovering energy. The description of the internal physical phenomena to support the design 

process of these devices is far from simple. Conventional methods only consider so far, the flow 

of “active power” circulating, and do not pay attention to the “reactive power” that also flows 

through the system. This communication presents a simple methodology to analyse the energy 

flow (active and reactive power) for Stirling thermoacoustic engines.  The results show that the 

amount of reactive acoustic power distributed towards the core branch is a good indicator of the 

grade of traveling-wave phasing. This new indicator can be used as an effective tool to design and 

study thermoacoustic devices.  
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1. Introduction 

In view of the fact that road transport is one of the largest contributors to greenhouse gas (GHG) 

emissions in the EU, the regulation (EU) 2019/631 aims to reduce these emissions by setting limits 

for new passenger cars to make road transport cleaner and meet the EU’s greenhouse-gas-emission-

reduction targets for 2021-2030 (by 30% compared to 2005) and to contribute to the goals of the Paris 

Agreement [1]. If manufacturers want to continue with the current model based on combustion 

vehicles, they must continue to support research and development of new technologies in every 

possible way to enable them to cope with the change. 

The largest energy losses in a vehicle, almost 60%, are caused by heat dissipation from the exhaust 

system into the environment. Among the existing technologies for energy harvesting, it is worth 

highlighting: Organic Rankine Cycle (ORC) [2]; Turbo-Compound Technology (Mechanic [3] and 

electric [4] Turbo-Compound, TC and eTC); thermoelectric generators (TEG) [5] and Stirling type 

thermoacoustic engines (Thermoacoustic Stirling Like Cycle Engine, TA-SLiCE) [6]. 

Table 1 shows the virtual results for a complete car model corresponding to a study presented by 

Tenneco at the Vehicle Thermal Management Systems (VTMS) Congress [7]. The study evaluates 

and compares the amount of waste heat recovered by each technology and the type of energy 

generated, as well as its impact on fuel savings. Interestingly, it was found that there is no correlation 

between the amount of waste heat recovered and fuel savings.  
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Table 1: Comparative performance indicators for vehicle waste heat recovery technologies.  
    

Technology Energy collected in the 

exhaust [%] 

Fuel savings [%] Fuel savings vs. Energy 

harvested Ratio [%] 

ORC 7 4 57 

TC & eTC 19 1 5 

TEG 2.5 0.7 28 

TA-SLiCE 3.5 2.7 77 

    

Fuel savings vs. Energy harvested Ratio data in Table 1, identifies TA-SliCE to be the most 

promising technology in terms of efficiency and, at the same time, it is one of the technologies with 

the most options for innovation, given that it has not yet reached a high degree of maturity. This fact, 

leave room for improvement in TA-SLiCE´s most significant limitation: it´s low power density. 

Among the advantages of TA-SLiCE technology over the other technologies shown in Table 1, the 

most important are its simple configuration with almost no moving parts, making it particularly 

reliable, reducing low manufacturing and maintenance costs, and avoiding the use of damaging 

lubricants. Since they are external combustion engines, they can be powered by renewable thermal 

sources as well as thermal energy dissipated in other processes as is the case for the exhaust system 

of a vehicle combustion engine. 

The convergence of the Stirling engine study with the development of thermoacoustic energy 

conversion is quite recent, with a history of only 40 years. Ceperley observed in 1979 that the flow 

paths of the working fluid molecules followed a sequence similar to that of the Stirling cycle. Since 

then, Backhaus and Swift presented the first thermoacoustic Stirling-like cycle engine (TA-SLiCE), 

based on travelling-wave phasing [8]. It became the latest evolution in conventional Stirling engines, 

dramatically simplifying their mechanics since the TA-SLiCE lacks pistons. Figure 1 shows the main 

components of a TA-SLiCE concept design. 

 
Figure 1: Diagram of the main components of a TA-SLiCE. 

For the TA-SLiCE generator to work, a resonant passive acoustic circuit, consisting of a feedback 

branch (Compliance and inertance) and a resonating power extraction branch, is required to originate 

and maintain oscillations in a compressible fluid (gas) [9]. The acoustic circuit houses a set of key 

components for the thermoacoustic effect to take place, named the active core of the TA-SLiCE (a 

heater (HHX), a cold heat exchanger CHX and a regenerator (REG) interposed between them, in 

addition to the thermal buffer tube, TBT). On the other hand, the generated acoustic energy can be 

extracted using different types of electroacoustic transducers [10]. 

In contrast to the traditional Stirling engines the gas parcels into the regenerator experience the 

Stirling cycle at a microscopic scale inside the regenerator of a TA-SLiCE upon which a thermal 

gradient has been established. The work undergone by each of the gas parcels when completing a 
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whole Stirling cycle inside the regenerator results in amplification of the wave. In this way, the 

acoustic power at the output of the regenerator is amplified.  

In a TA-SLiCE, the feedback branch design (compliance and inertance segments) is critical to the 

efficient integration of the travelling wave characteristic motion with the Stirling cycle performance. 

The Design Environment for Low-Amplitude Thermoacoustic Energy Conversion software 

(DeltaEC) is the most widely used software for simulating TA-SLiCE technology. The conventional 

energy analysis of thermoacoustic devices made by DeltaEC models takes into account only the active 

power, based on the Rott linear theory published by Swift [11]. That approach considers that feedback 

inertances and compliances do not dissipate or produce acoustic energy, but simply transmit it by 

modifying the phase of the pressure p1 or the volumetric velocity rate U1 of the wave [11]. However, 

it is not always obvious, simply from the conventional analysis provided by the general theory, to 

intuitively define how the impedance of the components of the resonant network affects the pressure 

phasors p1 or volumetric velocity U1 by modifying their phase Ø𝑝𝑈 [12]. 

This paper captures the work done in theoretically modelling and simulating the operation of a 

TA-SLiCE concept from a methodology which considers the active and reactive acoustic power 

flows. This additional information is essential for the energy analysis to establish the TA-SLiCE 

design.  

Section 2 describes the theoretical basis of the reactive acoustic power flow modelling of the 

conceptual TA-SLiCE design. Section 3 discusses the design of the TA-SLiCE demonstrator 

following the energetic methodology guideline. The most relevant conclusions and are made in 

section 4. 

2. Design strategy 

In this section is important to note that, when the amplified acoustic wave leaves the core branch, 

it has both a standing and a progressive contribution. This fact highlights the relevance of feedback 

for travelling wave adequacy at the input of the core branch. The methodology used in this paper 

proposes to take advantage of the information provided by the reactive acoustic power flow about the 

phase in which the wave arrives at the regenerator. The reactive acoustic power refers to the power 

that exists in a pure standing acoustic wave. The amount of reactive acoustic power delivered to the 

core branch varies depending on the dimensions of feedback branch compliance. When the feedback 

branch delivers less reactive acoustic power to the core branch, the wave arrives at the regenerator 

with a lower standing wave contribution, which means that the wave is closer to the desired 

progressive wave phase. Based on this analysis, the amount of reactive acoustic power distributed 

towards the core branch is a good indicator of the degree of travelling wave phase adequacy. 

Therefore, the reactive acoustic flow method leads to a straight and comprehensive design process 

for the resonant acoustic network of a TA-SLiCE.  

2.1 Reactive acoustic power modelling  

This section briefly introduces the description of the passive resonant acoustic network of the TA-

SLiCE in terms of lumped elements on the basis of the linear theory [11]. Among the important 

electroacoustic analogies, 𝑝1 and 𝑈1 correspond to 𝑉1 and 𝐼1, where 𝑉1 is the voltage, and 𝐼1 the current 

of the electric circuit. 

The relationship between 𝑝1 and 𝑈1 is the acoustic impedance (𝑍𝑎), and is analogous to the 

impedance (𝑍) in an electric circuit [13]: 

 
 

(1) 

𝑍𝑎 defines the resistive elements, inductive and capacitive waveguide to adapt the phase Ø𝑝𝑈. At 

the acoustic networks, these elements are the acoustic resistance, the inertance and the compliance 
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(in electric circuits: resistance, coil, and capacitor, respectively). An acoustic resistor dissipates 

energy by viscosity and by thermal relaxation when it is crossed by the fluid. It acts as a resistance 

would in an analogous electric circuit. It always consumes (or absorbs) useful power. The resistive 

load is totally real (it has no imaginary part) as shown in Eq. (1). However, inductive and reactive 

loads are elements that delay or advance respectively the volumetric velocity phase with respect to 

the pressure one. Compliance introduces positive phase changes, i.e., it acts as a capacitive load and 

introduces a 90° phase change between |𝑝1| and |𝑈1| so that the volumetric velocity advances 90° 

with respect to the pressure. Inertance introduces negative phase changes, i.e., it acts as an inductive 

load that introduces a - 90° phase change between |𝑝1| and |𝑈1| so that the volumetric velocity is 

delayed by 90° with respect to the pressure. Both inertance and compliance are totally imaginary as 

seen in Eq. (1) and yield or absorb power according to the instant considered. The impedance, defined 

in Eq. (1), has a real resistive part and an imaginary capacitive and inductive part. 

 Considering Eq. (1), the total power of the inductance 𝑃𝑍 = 𝑉1 × 𝐼1 is a phasor that can be 

expressed graphically in the complex field as shown in Fig. 2. 

 
Figure 2: Representation of the total power PZ, this can be broken down into active power on the 

real axis  PA, and into reactive power on the imaginary axis  PR. 

Applying the electroacoustic analogy, the real part of the phasor PZ is analogous to the active 

acoustic power flow. This variable averaged over an integral number of cycles, circulating in the x 

direction through a duct is given, according to the Rott approximation [11], by the second order 

expression: 

 

 

(2) 

The imaginary part of the PZ phasor is analogous to the reactive acoustic power flow: 

 
 

(3) 

where Ø𝑝𝑈 is the angle between the pressure 𝑝1 and the volumetric velocity 𝑈1 of the acoustic wave. 

Using the electroacoustic analogy again, it follows that 𝜑=Ø𝑝𝑈.  

The active acoustic power �̇�(𝑥), given by Eq. (2), represents the useful power since it is the only 

one that is transformed into work. The reactive power given by Eq. (3) is the one consumed by all the 

devices that have some type of coil or inductance. This type of energy only overloads any circuit, 

increasing the current (the volumetric velocity of the acoustic wave, by electro-acoustic analogy) that 

circulates through it, without producing work. When an AC receiver absorbs reactive power, this 

power is positive and when it gives up, it has a negative value. As the reactive power of any coil is 

positive, it can be said that all coils absorb reactive energy. Following the same reasoning, the reactive 

power of any capacitor is negative and, therefore, all capacitors supply reactive power. 
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2.2 TA-SLiCE DeltaEC reference model 

The analysis of the active and reactive acoustic power flow distribution in a TA- SLiCE is 

necessarily carried out based on an initial DeltaEC model of that device. This section presents the 

numerical model corresponding to the reference feedback branch design. The parameters used for the 

model set up are those presented in Table 2. 

  

Table 2: Main design parameters of the reference TA-SLiCE model. 

 
Parameters Values 

  Operating conditions  

Working gas Air 

Mean Pressure (𝑝𝑚) 100 kPa 

Operating frequency (𝑓) 40 Hz 

Mean gas temperature (𝑇𝑚) 328 K 

Estimated initial pressure amplitude (|𝑝1|) 5 kPa 

  Core branch (CB)  

Main cooler:  Length (𝐿𝐶�̇�𝑋) 0.015 m 

   Porosity (𝐶𝐻𝑋
) 60% 

Regenerator: Length (𝐿𝑅𝐸𝐺) 0.025 m 

Porosity (
𝑅𝐸𝐺

) 85% 

                                     Hydraulic radius (𝑟ℎ𝑅𝐸𝐺) 0.000184 m 

Heater:                             Length (𝐿�̇��̇�𝑋) 0.03 m 

 Porosity (
𝐻𝐻𝑋

) 60% 

                                     Estimated thermal input power (�̇�𝐻) 8 W 

TBT:                                Length (𝐿𝑇𝐵𝑇) 0.085 m 

                                     Cross-sectional area (𝐴𝑇𝐵𝑇) 0.00025 m2 

Secondary cooler:            Length (𝐿𝑆𝐶�̇�𝑋) 0.01 m 

  Porosity (
𝑆𝐶𝐻𝑋

) 70% 

Reference Feedback Branch ("Fba")  

Compliance:                    Internal diameter (𝐷𝐶𝑎) 0.02 m 

                                  Length (𝐿𝐶𝑎)* 0.41 m 

                                  Volume (𝑉𝐶𝑎) 129x10-6 m3 

 Inertance:                    Internal diameter (𝐷𝐿𝑎) 0.015 m 

                                 Length (𝐿𝐿𝑎)* 0.185 m 

 

The DeltaEC software considers a thermoacoustic device as a one-dimensional set of connected 

segments, so that it always integrates all the governing equations for each of these segments. It solves 

the systems using a fourth order Runge-Kutta integration method and a guess-target approach, 

achieving convergence of the calculations. The accuracy of the virtual results obtained is given by 

the convergence tolerance parameter which, in all cases, satisfies a value less than 10-8. 
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2.3 Methodology guideline 

The methodology for the TA-SLiCE design employed in this paper provides a comprehensive and 

easy-to-understand description of the phenomenon of progressive wave fitting due to the impedance 

of the acoustic network components. This is going to be illustrated by the following procedure: Based 

on the reference model, the dimensional parameters of the compliance are going to be modified twice 

to reduce the reactive power at the input of the active core. This modifications in the design, according 

to the established method, will lead to a more progressive acoustic wave.  

The two compliance modifications give rise to three TA-SLiCE design models which share the 

set up summarized in Table 2, the difference between them is given by the dimensions of the feedback 

branch compliance: 

Reference model (feedback branch "Fba"): A tube with 20 mm inside diameter used as 

compliance and another tube with 15 mm inside diameter is used for inertance.  

First design variation model (feedback branch "Fbb"): By increasing the inside diameter of the 

compliance to 25 mm. 

Second design variation model (feedback branch "Fbc"): By increasing again the inside diameter 

of the compliance to 66 mm. 

The compliance depends on its volume in a similar way as the capacitance of a given capacitor 

depends on its geometry. Each model variation has supposed an increment of compliance volume, 

which in the equivalent AC circuit implies a proportional condenser capacity increase.  

3. Results and discussion 

The following paragraphs highlight the most important aspects of the analysis of the power flows 

and the modification of the feedback branch TA-SLiCE for the reference model, where the active and 

reactive acoustic power have been numerically calculated in the points labelled from 1 to 10. 

 
Figure 3: Diagram of the reference model TA-SLiCE with the "Fba" feedback branch. The 

distributions of active power flow �̇� and reactive power flow �̇� are shown for the relevant points in 

the analysis. The numerically calculated electric power is also shown in point 10. 

Once the acoustic power flows have been analysed in the reference model with "Fba" feedback 

(see Fig. 3), the system design can be modified. A trade-off strategy is employed between the loss of 

active acoustic power through the feedback branch and the delivery of reactive acoustic energy to the 

core branch. These requirements result in an increase in the inside diameter and a reduction in the 

length of the compliance for the "Fbb" feedback branch. These modifications result in an active 

acoustic power similar to that obtained with the feedback branch "Fba" and a lower reactive acoustic 

power flow to the core branch at point 3, as shown in Fig. 4. 
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Figure 4: Diagram of the first design variation model with "Fbb" feedback branch. 

When comparing the data in Figs. 3 and 4, the amplification of the active acoustic power through 

the core branch is slightly higher for feedback branch "Fbb" (813 to 1315 mW for "Fba" compared 

to "Fbb" from 811 to 1332 mW). For the "Fba" feedback branch shown in Fig. 3, the reactive acoustic 

power delivered to the core branch is high and the wave arrives with less travelling wave condition, 

compared to the results obtained for the "Fbb" configuration shown in Fig. 4 (332 mWAr for "Fba" 

versus 283 mWAr for "Fbb"). This means that, without the information of the reactive acoustic power 

flow, it is possible to select the “Fba” when it is not the best option. Thus, the knowledge of the 

reactive acoustic power flow provides a straight TA-SLiCE design criterion. 

With the "Fbc" feedback branch, a second modification is made that brings further improvements 

to the performance of the system. This configuration shown in Fig. 5 has a much shorter compliance 

and a larger section, compared to the other two previous configurations ("Fba" and "Fbb"). 

 
Figure 5: Diagram of the second design variation model improved with feedback branch "Fbc". 

The comparative of the power flow distribution data from Figs. 4 and 5 shows that the active 

acoustic power is higher, and the reactive acoustic power is much lower (both calculated in point 3) 

for the feedback branch "Fbc" than for the feedback branch "Fbb" (865 mW/201 mWAr versus 811 

mW/283 mWAr). This means that the "Fbc" feedback branch provides a more powerful wave while 

reaching the core branch with a better travelling wave condition. 

When evaluating the results obtained for the reactive acoustic power calculated in point 3, it can 

be observed that the feedback branch "Fbc" distributes much less reactive acoustic power towards the 

core branch, indicating that the acoustic wave arrives at the regenerator with a more adjusted phase 

to the travelling wave condition compared to the other two feedback branch options. Furthermore, it 

follows that compliance should provide the minimum reactive acoustic power towards the core branch 

with the least active power loss. These requirements to improve the performance of the device using 

the reactive acoustic power flow method, suggest considering increasing the inside diameter and 

decreasing the length of the compliance, this leads to select a cavity type compliance with a section 

much larger than its length, instead of using duct type compliance, to achieve a similar volume. 
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4. Conclusions 

The method of reactive acoustic power distribution significantly provides comprehension about 

the traveling-wave phasing, critical for efficient regenerator operation, and how various components 

of the feedback branch affect these properties. Numerical modelling of the demonstrator previously 

described is used to evaluate by comparing three feedback branch options. The effectiveness to 

distribute the reactive acoustic power, generated by the compliance, in order to favour adjusting of 

traveling-wave phasing is assessed for each of the three feedback branches under study. Besides, the 

presented method uses simply algebraic power sums, and it has not the need to handle complex phasor 

notation. This is analogous to the analysis carried out in an electric circuit, emphasizing the 

importance of the reactive power, in addition to the active power through each segment of the system. 
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