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Abstract 

 

Waste heat recovery from power plants and industries requires a new type of electricity generator and related technological 

developments. The current research work is aimed at the design of a multi-kilowatt thermoacoustic electric generator, which can be 

employed as the bottoming cycle of a gas-turbine power plant or for industrial waste heat recovery. The proposed device converts 

thermal energy into acoustic power and subsequently uses a piezoelectric alternator to convert acoustic power into electricity. The 

challenge in designing such a device is that it has to be acoustically balanced. The performance of the device is greatly affected by 

numerous parameters such as frequency of the traveling acoustic wave, heat exchanger parameters, regenerator dimensions, acoustic 

feedback loop, etc. The proposed device is a lab-scale demonstration targeted to produce few kilowatts of electric power from a 20 kWth 

heat source. DeltaEC software is used to achieve the acoustically balanced configuration of the device. The DeltaEC model outcomes 

are used to arrive at the optimized design of the device and its components. The analytical method, the optimized geometrical dimensions 

of thermoacoustic components, and the minimum required conditions of heat source input are presented in this paper.1  

 

Keywords: thermoacoustic, piezoelectric alternator, waste heat, acoustic, DeltaEC, energy conversion, bottoming cycle, gas-turbine 

 

 

                                                           
1 A major part of this paper was presented in the ASME Turbo Expo 2020 Conference. [25] 
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Nomenclature 

English letters 

a  sound speed, m/s 

A area, m2 

𝑐𝑝 specific heat at constant pressure, J/kg·K, 

𝑓 friction factor 

�̇� rate at which total power flows, W 

𝐾 overall heat transfer coefficient W/m2·K 

𝑘 thermal conductivity, W/m·K 

�̇� mass flow rate of hot exhaust gas, kg/s 

𝑃𝑟 Prandtl number 

p pressure, N/m2 

𝑅 resistance 

𝑅𝑒 Reynolds number 

𝑟 radius, m 

�̇� heat transfer rate 

R gas constant, J/kg·K 

𝑆𝑡 Stanton number 

T temperature, K 

u x component of velocity, m/s  

𝑈 volume flow rate, m3/s 

 

Greek letters 

𝜌 density, kg/ m3 

𝜇 dynamic viscosity, kg/m·s 

𝜔 = 2𝜋𝑓; angular frequency, s-1, 

𝛾 ratio of isobaric to isochoric specific heats 
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Subscripts 

0 'environment' or 'ambient' 

1 first order, usually complex amplitude 

2 second order 

h hydraulic 

m mean 

𝜅 thermal diffusivity 

𝜈 kinematic viscosity 

g hot exhaust gas condition 

HX heat exchanger 

wf working fluid 

 

Special notations 

Re[ ] Real part of a complex term 

Im[ ] Imaginary part of a complex term 
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 4  

 

Figure 1. Schematic representation of thermoacoustic electric generator combined with a simple gas-turbine cycle 

Introduction 

Valorizing the low-to-medium quality (300–600ºC) [1] waste heat from power generation and industrial sectors with low cost 

(~$1000/kW) and high efficiency (~30–40% of Carnot per kilowatt) is imperative for better utilization of dwindling fossil resources and 

carbon footprint reduction. Even though existing bottoming cycles such as the steam Rankine cycle, organic Rankine cycle, or Kalina 

cycle have proven merits in terms of their efficiencies, these bottoming cycles tend to be mechanically complex and occupy much space 

[2]. Therefore these bottoming cycles are often not economically viable options for combined cycle power plants. As an alternate option, 

recent advancements have shown that thermoacoustic technology has a significant potential for converting waste heat to power [3]. A 

thermoacoustic device can be cost-effective when compared to the above mentioned bottoming cycle power plants. The thermoacoustic 

device generates acoustical power from a thermal source and can be converted into electricity by a suitable alternator. It has a compact 

design and almost no moving parts. A simple illustration of how a thermoacoustic device can be coupled with a simple-cycle gas turbine 

as a bottoming cycle is shown in Figure 1. 
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Figure 1 represents how a simple-gas turbine power plant can thermoacoustically convert an additional electrical power output �̇�𝑇𝐴. 

The hot exhaust gas from the turbine is typically at a temperature range of 300°C to 500°C. This waste heat is the potential source for 

the thermoacoustic electric generator. The device consists of a hot heat exchanger (HHX) and an ambient heat exchanger (AHX), and 

in between the hot heat exchanger and ambient heat exchanger, a porous material with a certain thickness is provided, which is called a 

regenerator. This arrangement of a hot heat exchanger, regenerator, and ambient heat exchanger is called the 'thermal-core,' which is 

enclosed in a pressure vessel.  

In thermoacoustic engines, the working fluid, generally a noble gas, is caused to interact with a regenerator, which is maintained at 

a high-temperature gradient. At the regenerator, the working fluid experiences thermal expansion when the pressure is high and thermal 

contraction when the pressure is low [4]. Thus the thermal interaction between the gas and surface of the porous material generates self-

sustained acoustical oscillations, which convert heat into mechanical energy in the form of sound. The sound can either be predominantly 

in a standing wave or traveling wave depending on the size of the pores in the regenerator and the acoustic environment created by a 

resonator enclosing the sound. This acoustic power is converted into electrical power  �̇�𝑇𝐴 by using a suitable alternator, which will be 

explained later.  

In order to estimate the potential of waste heat valorization, GE Company's LM6000-PF+ gas turbine is taken as an example for the 

calculation [5]. The rated power output of this gas turbine is 52 MW; heat rate LHV (lower heating value) is 8656 kJ/kW-hr, and the 

LHV based efficiency is 41.6%. The exhaust flow rate is 136 kg/s at a temperature of 501°C. When a thermoacoustic electric generator 

is combined with this gas turbine exhaust, the additional power generated from the waste heat is expected to be significant. When using 

the waste heat from the combustion products, the sizeable drop in the hot temperature must be considered as heat is pulled out of the 

exhaust gas, which results in a change in Carnot and thermal efficiencies. The output power can be calculated by an analytical integration 

over the temperature drop, assuming that a certain fraction of Carnot efficiency is held constant as the hot exhaust gas temperature drops 

and the AHX has a constant temperature. If the Carnot efficiency of the thermoacoustic device is assumed to be a constant 35%, then 

the absolute maximum amount of acoustic work that can be extracted is 9.8 MW if the hot exhaust were cooled all the way to ambient. 

However, because the Carnot efficiency decreases as the hot temperature approaches the ambient, it becomes more expensive to generate 

each watt of sound at the lowest temperatures. So, at some point, the extraction of heat out of exhaust gas should be stopped as being 

uneconomical.  Acc
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 6  

 

Figure 2. Valorization of waste heat from gas turbine exhaust assuming 35% of Carnot at all hot temperatures 

The penalty for not extracting the full LHV of the gas is shown in Figure 2. The vertical axis shows the amount of work extracted, in 

other words, the sound generated in the device, scaled by the maximum work of 9.8 MW, assuming the approximations of 35% of Carnot 

throughout, a constant combustion product heat capacity (chosen at a representative middle hot temperature), and a constant cooling-

water cold-side absolute temperature of Tw. In other words, the vertical axis can pretty much be read as the power extraction going from 

0 to about 10 MW. The horizontal axis is the ratio of the hot outlet temperature THo to the hot inlet temperature THi. A family of curves 

is plotted for different values of TW/THi, which are the maximum possible HHX outlet to inlet temperature ratios. The LM6000-PF+ 

outlet temperature is 774 K, and for a cooling water temperature of 318 K (45°C), the ratio of TW to THi is 0.41. In Figure 2, the yellowish 

line for TW/THi = 0.40 (right on the yellow line corresponds to TW = 37°C).  The graph is saying that about 4.7 MW of sound could be 

generated as THo/THi cools the first third, from 1.0 to 0.8; another 3.6 MW could be generated as THo/THi cools the second third, from 0.8 

to 0.6; and 1.7 MW could be generated if we bothered to cool the combustion products THo/THi over its last third from 0.6 to 0.4. In other 
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words, it is possible to get about 83% of the available 10 MW, about 8.3 MW, if the waste heat from LM6000-PF+ combustion products 

is cooled two-thirds of the way to TW, from 774 K (501°C) to 470 K (197°C).  

Thermoacoustic Electric Generator 

The early thermoacoustic generators developed by Bell Telephone Laboratories in 1951 [6] and in 1958 [7] on singing pipes 

produced standing waves and generated electrical power by coupling to acoustical-to-electrical transducers. Later it was found that 

standing wave engines, with pressure and velocity swings of the working fluid nearly 90° out of phase, tend to be inefficient. They 

generally rely on a regenerator with relatively large pores and relatively poor thermal contact between the working fluid and regenerator. 

This produces a thermal lag between working fluid compression and heat transfer to the regenerator to get the necessary phasing between 

thermal expansion and pressure swings in the working fluid that provides amplification of the sound. The poor thermal contact, however, 

leads to entropy production that lowers the efficiency of the engine. In contrast, in traveling wave engines, with pressure and velocity 

swings of the working fluid nearly in phase, the sound itself provides the necessary phasing between thermal expansion and heat transfer 

to a regenerator with relatively small pores.  When the pores are small the heat transfer is nearly isothermal, entropy production is low, 

and engine efficiency is nearly doubled. Thus, our acoustic resonator is in the form of a loop, with a traveling wave of sound propagating 

clockwise, as shown in Figure 3, in an engine style first envisioned by Ceperley [8]. The traveling wave heat engine might be considered 

similar to Stirling engines that use a column of fluid as the piston [9].  

  

Figure 3. Schematic of a single thermal-core thermoacoustic electric generator (ST-TEG). 
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 8  

 

Researchers around the world have attempted to develop thermoacoustic electric generators based on the following techniques for 

acoustic to electrical conversion:  

(i) Electro-magnetic devices (linear alternator), 

(ii) Magnetohydrodynamic devices,  

(iii) Bi-directional turbines, and  

(iv) Piezoelectric alternators.  

In the case of the first technique, the linear alternator is found to be suitable for producing electricity in the kilowatt range from 

acoustic power [10] [11]. But scaling the linear alternator for a much larger power output would be highly challenging [3] due to the 

large amplitude oscillation of the vibrating piston and difficulty in maintaining the minimum clearance between the piston and its 

cylinder. The second technique, i.e., the application of magnetohydrodynamic transducers for the conversion of acoustic to electricity, 

was successfully implemented by Wheatley et al. [12], using liquid sodium at 200 bar as the working fluid. It was shown that the engine 

performed well at an operating frequency of 1000 Hz. But at high pressure, the entire engine can cause problems in sealing the electrodes, 

and hence generating the acoustic oscillations will become a challenge [13].  

The next technique, the application of a bi-directional turbine in thermoacoustic conversion, is relatively new and shows competitive 

performance with other techniques at low power output. The advantage of this conversion method is that the operating frequency of 

thermoacoustic devices only weakly influences the turbine efficiency, and hence the thermoacoustic frequency does not need to match 

the turbine or electrical output frequencies [3]. The bi-directional turbine is expected to be efficient at higher operating pressure. 

However, it needs additional research to be carried out for scale-up. 

Based on the piezoelectric alternator technique, Keolian et al. demonstrated an electrical power output of 37 W from a 

thermoacoustic engine as a proof of concept in preparation for the valorization of the exhaust heat from a Volvo Truck engine [14]. 

Among these techniques, we believe that a flexible diaphragm piezoelectric alternator can be viable to produce higher electrical power 

output that is easily scaled-up. In this type of thermoacoustic generator, the piezoelectric alternator is aligned inline with a 

thermoacoustic engine thermal-core. 

The present research work is aimed at the design and development of a single thermal-core thermoacoustic device to generate multi-

kilowatts of electricity using a piezoelectric alternator. A schematic of the single thermal-core thermoacoustic electric generator (ST-
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 9  

TEG) is shown in Figure 3. For this device, it has been decided to supply hot gas at a temperature of around 500°C sourced from a 20 

kWth burner. Helium gas at 20 bar is the working fluid of the device.  

The hot gas from the burner is supplied to a rectangular hot heat exchanger (HHX), as shown in Figure 3. Above the HHX, a stack 

of fine-mesh stainless steel screen is positioned, which acts as the regenerator, over which an ambient heat (AHX) is aligned inline. The 

thermal-core configuration is enclosed in a pressure chamber, in which the piezoelectric alternator diaphragm is mounted below the 

HHX. The chamber is connected with a feedback tube through diffusers on both ends to allow the acoustic wave to go around the loop. 

 

Figure 4. Schematic of a piezoelectric alternator. 

The acoustic oscillations generated in the thermal-core resonate along with a thin metal diaphragm of the alternator. The schematic 

representation of the piezoelectric alternator is shown in Figure 4. The diaphragm is supported by a ring of piezoelectric stacks 

interconnected by mechanical mounts. As the diaphragm flexes in either direction, in or out of the plane of the figure, it pulls radially 

inward on the piezoelectric stacks causing a large amplified fluctuating compressive stress in the elements, which then convert the stress 

into electricity with high efficiency [15]. The diaphragm is made up of high carbon steel. The operating frequency is about 300 Hz. The 

fatigue curves of high carbon steel ensure that the diaphragm has a near-infinite lifetime [16] if stress is kept below the fatigue endurance 

limit, which is needed because of the relatively high operating frequency. Therefore, the thermoacoustic device can be free of internal 

wearing parts. 

A challenging aspect in the design of such a thermoacoustic device is optimizing the efficiency and power output of the generator, 

which depends on the dimensions of many components, such as the thicknesses (heights in the vertical acoustical direction) of the hot 

heat exchanger, regenerator, and ambient heat exchanger; cross-sectional areas of the thermal-core, diffuser inlet, and outlets; length and 

cross-sectional area of the feedback tubes; and the pore sizes and spacings of the helium, ambient coolant, and hot exhaust gas passages 

Acc
ep

te
d 

Man
us

cr
ip

t N
ot

 C
op

ye
di

te
d

Journal of Energy Resources Technology. Received January 27, 2021;
Accepted manuscript posted March 06, 2021. doi:10.1115/1.4050495
Copyright © 2021 by ASME

D
ow

nloaded from
 http://asm

edigitalcollection.asm
e.org/energyresources/article-pdf/doi/10.1115/1.4050495/6661467/jert-21-1079.pdf by King Abdullah U

niversity For Science and Technology (KAU
ST) user on 29 M

arch 2021



 10  

within the heat exchangers and regenerator. In addition, the heat and mass transfer across the heat exchangers play a crucial role in the 

performance of the thermoacoustic device. Therefore it is necessary to do thermal, flow, structural, and acoustical analysis for designing 

a thermoacoustic device. DeltaEC software has been used to carry out some of these analyses. This paper explains the methodology 

adopted for obtaining the design of the single thermal core thermoacoustic engine using DeltaEC software. 

DeltaEC Simulation 

DeltaEC (Design Environment for Low-amplitude Thermoacoustic Energy Conversion) is a software developed by Los Alamos 

National Laboratory [17] [18] in which a thermoacoustic engine or other acoustical systems can be simulated for its performance 

evaluation. DeltaEC describes a device as a one-dimensional series of segments, which it evaluates in the low-amplitude acoustic 

approximation at a single frequency. It integrates the real and imaginary components of the acoustic pressure 𝑝1, the real and imaginary 

parts of the acoustic volumetric velocity 𝑈1, and the mean temperature 𝑇𝑚 in one dimension along the segments from one end of the 

device to the other. It does so analytically where it can and numerically where it must, so that operation is fast enough that many iterations 

can be accomplished quickly. It is not a CFD program. The difference between experiment and DeltaEC calculations are typically 10%, 

and are clearly smallest in the in the limit of low amplitude, as is to be expected of these computations based entirely on the acoustic 

approximation [18].  

A DeltaEC model can have many natural inputs, such as the dimensions of parts described by the segments, values at the start of 

the segment list for 𝑝1, 𝑈1 and 𝑇m, and energy inputs such as the heat into heat exchangers or power into transducers. And the model 

has many natural outputs, such as 𝑝1, 𝑈1, 𝑇m  and energy flows throughout the device, and predictions of temperature drops in the heat 

exchangers. A key feature of the DeltaEC program is its ability to iteratively "guess" a number of natural inputs to "target" an equal 

number of user-desired values for the natural outputs, in effect swapping natural inputs to become outputs while simultaneously 

swapping natural outputs to become inputs. For example, in our engine, which is an annular loop, we allow four of the dimensions of 

the engine to be guessed so that the four values of the complex components of 𝑝1 and 𝑈1 at the end of the model are identical to the 

values at the beginning of the model, thus enforcing periodic boundary conditions. The following differential equations in the wave 

propagation direction 𝑥 are integrated in DeltaEC from its initial segment to the end of the final segment.  

The 𝑥 component of the momentum equation is given by 

𝑑𝑝1

𝑑𝑥
= −𝑖𝜔𝜌m𝑢1 + 𝜇 [

𝜕2𝑢1

𝜕𝑦2 +
𝜕2𝑢1

𝜕𝑧2 ],  (1) 

where 𝑦 and 𝑧 are the coordinates perpendicular to the wave propagation direction.  
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 11  

The 𝑥 component of the continuity equation is given by 

𝑑𝑢1

𝑑𝑥
= −𝑖𝜔

𝑝1

𝜌m𝑎2 ,    (2) 

where 𝑎 = √𝛾𝑅u𝑇/𝑀, where 𝛾 is the ratio of specific heats at constant pressure to constant volume, 𝑅𝑢 is the universal gas constant 

and 𝑀 is the molecular weight of the working fluid. 

The 𝑥 component of energy equation or the general thermoacoustic equation is given by 

[1 + (𝛾 − 1)𝑓k]𝑝1 +
𝛾𝑝m

𝜔2

𝑑

𝑑𝑥
(

1−𝑓ν

𝜌m

𝑑𝑝1

𝑑𝑥
) −

𝑎2

𝜔2

𝑓k−𝑓ν

1−𝑃𝑟

1

𝑇m

𝑑𝑇m

𝑑𝑥

𝑑𝑝1

𝑑𝑥
= 0,   (3) 

where 𝑓𝑘 and 𝑓𝜈 are the so-called thermal and viscous Rott functions that take into account the complicated thermal and viscous 

interactions of the sound with solid walls [4] and 𝑃𝑟 is the Prandtl number.  

Along with the acoustical modeling, it is important to model the piezoelectric alternator in DeltaEC. The flexible diaphragm of the 

alternator is considered to be an oscillating mass. The DeltaEC model for the alternator removes an amount of acoustic power at the 

diaphragm equal to the output electrical power produced and small losses in the alternator. Equations describing the alternator are given 

elsewhere [19]. 

DeltaEC analysis for a thermoacoustic device is an iterative process. The DeltaEC program needs an initial input file, in which the 

whole configuration details have to be given as input. For the current configuration, as shown in Figure 3, there are 108 parameters that 

have to be feed into the program, which includes geometrical configuration, boundary conditions, including custom calculations for heat 

transfer, losses due to coolant, and exhaust motion, along with the material properties. Some of these inputs are given in the following 

sections.  

Compact Heat Exchanger for Thermoacoustic Devices 

Research thermoacoustic devices developed around the world often use nickel-chromium heaters for the source of heat. But a 

practical application needs an actual hot heat exchanger that draws the heat from various hot gases and transfers it to the working fluid. 

An actual hot heat exchanger adds complexity to the thermoacoustic system design and analysis. The device performance is affected by 

the mass flow rate of the hot gas and the temperature difference between the working fluid and the hot gas. Additionally, there are losses 

due to the oscillatory flow and associated heat transfer variations in the heat exchanger channels [20]. In the present work, a cross-flow 

compact heat exchanger is considered, and heat transfer calculations are incorporated into the DeltaEC calculation while optimizing the 

ST-TEG [21] [22] [23]. 
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 12  

 

Figure 5. Schematic of compact heat exchanger for the thermoacoustic device. 

Our design of a compact hot heat exchanger suitable for the thermoacoustic device is shown in Figure 5. The hot exhaust gas is 

supplied through stacks of wavy plate fins, which are brazed to sheets of metals arranged alternatively. In between the metal sheets, 

passages for the working fluid is created by metal strips.  

The total heat transfer rate �̇� from the hot exhaust gas to the oscillating working fluid can be represented as follows: 

�̇� = 𝐾𝐴 ∆𝑇,    (4) 

where 𝐾 is the overall heat transfer coefficient of the heat exchanger, which depends on fluid properties, flow geometry, and the flow 

rate; 𝐴 is the total contact area, and ∆𝑇 is the temperature difference between the hot gas and the working fluid. In the present case, the 

working fluid is oscillatory, and the heat transfer calculation is not straightforward. The DeltaEC model is developed in such a way that 

the program determines the heat transfer rate �̇� for the temperature boundary condition imposed by the heat exchanger calculation. The 

heat exchanger surface temperature condition is given by 

[𝑇g −
�̇�

�̇�𝑐𝑝g

]
hot

= 𝑇s = [𝑇g +
�̇�

𝐾𝐴
]

wf
 , (5) 

where 𝑇s is the metal surface temperature, 𝑇g is the hot gas temperature, and subscripts hot and wf denote the hot gas side and working 

fluid side, respectively. The overall heat exchanger conductance 𝐾𝐴 is determined from the heat transfer surface effectiveness of the 

compact heat exchanger 𝜂
s
, the hot gas area 𝐴g and the heat transfer coefficient ℎg. The surface effectiveness of the compact heat 

exchanger is given by [23] 
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 13  

𝜂
s

= 1 −  
𝑎f

𝑎s
[1 −

tanh(
𝑙h√2∗ℎh

Κh∗𝑡
)

𝑙h√2∗ℎh

Κf∗𝑡

],  (6) 

where 

𝑎f is the fin area,  

𝑎s is the heat transfer area per fin, 

𝑙h is the height of fin for the hot side, 

Κf is the heat transfer coefficient of the fin material,  

𝑡 is the thickness of the fin, and 

Κh is the heat transfer coefficient of the heat exchanger material,  

ℎh is the hot side convective heat transfer coefficient. 

 

The convective heat transfer coefficient ℎh at the hot side of the compact heat exchanger is a function of Prandtl number and the 

Colburn-j-factor 𝑗 [22]. 

ℎh =  
�̇� 𝐶𝑝g  𝑗𝐻

𝑃𝑟g 𝐴g
,    (7) 

where 

 𝐴g is the gas flow area,  

𝑃𝑟g is Prandtl number of the hot gas, and 

𝑗
𝐻

= 𝑆𝑡 𝑃𝑟2 3⁄  is the Colburn j-factor. 

The correlation for the Colburn-j-factor is calculated as a function of Reynolds number at two steps to represent the oscillatory 

effects and is given by equation (8) 

𝑗
𝐻

=  𝑅𝑒 ∗ 10
((𝑆𝑡 ∙𝑃𝑟2 3⁄  )

1
+(𝑆𝑡∙𝑃𝑟2 3⁄  )

2
)
,  (8) 

where 

  𝑅𝑒 =  
4𝑟h�̇�

𝜇g 𝐴g
 is the Reynolds number of the hot gas, 

 (𝑆𝑡 ∙ 𝑃𝑟2 3⁄  )
1

= 0.3694 
1−

𝑦g

𝑥g

2.9098+
𝑦g

𝑥g

 {exp [− (
𝑅𝑒

5000
)

2

]}, 
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 14  

 (𝑆𝑡 ∙ 𝑃𝑟2 3⁄  )
2

= 9.8801 − 10.3005 (log
10

𝑅𝑒) + 2.3161(log
10

𝑅𝑒)
2

− 0.1918(log
10

𝑅𝑒)
3
, 

and 𝑥g and 𝑦
g
 are defined in Figure 5. 

 

Using Eq. (6), (7), and (8), the overall heat exchanger conductance 𝐾𝐴 is 

𝐾𝐴 =  𝜂s  ℎh 𝐴𝑄,    (9) 

where 𝐴𝑄 =  
𝜋

4
𝐴g

𝐷HX

𝑟h
. 

The friction factor is calculated to find the pressure drop across the hot heat exchanger. The transient effect of oscillatory flow is 

considered while calculating the friction factor with 

𝑓 = 𝑅𝑒 ∗ 10(𝑓1+𝑓2) ,   (10) 

where 

𝑓
1

= 0.2043 
(1−

𝑦g

𝑥g
)

(1.8655+ 
𝑦g

𝑥g
)

{exp [− (
𝑅𝑒

5000
)

2

]}, and 

𝑓
2

= 7.0953 − 7.1862(log
10

𝑅𝑒) + 1.3757(log
10

𝑅𝑒)
2

− 0.102(log
10

𝑅𝑒)
3
.  

Using Eq. (7), the hot gas pressure drop is calculated using 

∆𝑝 =  
�̇�2 𝜇g 𝑓

2 𝜌g 𝐴HX
. 

Further, the hot gas pumping power is calculated using 

𝑃pump =  
�̇� ∆𝑝

𝜌g

. 

The pumping power is incorporated in the DeltaEC model while estimating the performance of the TA electrical generator. The 

following section reports a stepwise parametric analysis carried out to obtain the optimized configuration for the Single Thermal-core 

Thermoacoustic Electric Generator (ST-TEG).  

Parametric Study of ST-TEG in DeltaEC 

1. Effect of exhaust gas pressure drop 

The performance of the thermoacoustic system relies on the careful design of the hot heat exchanger (HHX). Initial iterations of the 

DeltaEC program for the ST-TEG configuration were carried out to identify the effect of hot exhaust gas pressure drop across the hot 

heat exchanger. Table 1 shows the conditions for the study.  
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 15  

Table 1 

Parameters Values 

Working fluid helium 

Mean pressure, pm 2.10 x 106 Pa 

Frequency 300 Hz 

Magnitude of pressure oscillation, |p1| 1.65 x 105 Pa 

Phase of pressure oscillation, Ph(p1) 0 deg 

Magnitude of volumetric velocity 

oscillation, |U1| 

0.13 m3/s 

Phase of volumetric velocity oscillation, 

Ph(U1) 

33 deg 

Heat source hot gas from the 

burner 

Temperature of hot gas 651 K 

Mass flow rate of hot gas to HHX 0.2 kg/s 

 

In this study of the hot heat exchanger exhaust gas pressure drop, the acoustic network is simplified; the feedback tube and diffusers 

are not considered. Instead, it is assumed that the acoustic conditions at the top of the ambient heat exchanger are the same as the end 

of the alternator diaphragm. This implies that the minor losses in the feedback tube and diffusers are ignored in this analysis in order to 

avoid acoustical complexities. 

In the DeltaEC program, the values of the thickness of the hot heat exchanger and the exhaust gas area are allowed to be guessed. 

The exhaust gas pressure drop is varied, and the program is iterated to convergence. Also, the DeltaEC software allows changing the 

material of the hot heat exchanger. The hot heat exchanger material is varied between stainless steel, nickel, and molybdenum, and the 

performance is evaluated. The results are plotted in Figure 6. Acc
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 16  

 

Figure 6. Electrical power output of ST-TEG for the hot exhaust gas pressure drop at HHX 

 

Figure 7. Pressure drop of hot-gas at HHX vs. length of HHX 

As the pressure drop of hot exhaust gas across the hot heat exchanger increases, the electrical power output increases. However, there 

is no significant variation in alternator power output between these three materials. 

In addition, the optimized thickness of the hot heat exchanger (its length in the acoustic direction) is shown in Figure 7. From this 

analysis, it is found that the increase in alternator power beyond 4000 Pa of pressure drop is not significant. Therefore, the values of the 
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 17  

pressure drop of 4000 Pa and the corresponding hot heat exchanger thickness of 4 cm are taken as the final values for the subsequent 

parametric study. 

2. Inclusion of feedback tube and diffusers 

In the next analysis, the model for the ST-TEG is improved by including DeltaEC segments for the diffusers and feedback tube. 

The dimensions of those components are finalized by an iterative process. In every iteration, the DeltaEC program is allowed to run 

several times to achieve the acoustically balanced solution.  

 

Figure 8. Real and imaginary parts of acoustic pressure obtained from DeltaEC for ST-TEG 

Figure 8 shows the real and imaginary parts of the acoustic pressure obtained from the modified DeltaEC program for the ST-TEG 

configuration. In the plot of Figure 8, 𝑥 denotes the coordinate in the direction of wave propagation. This plot shows that the length of 

the feedback tube and diffusers, from 0.21 m to 2.65 m, is a little over a half wavelength of the acoustic wave in the device. The length 

of the feedback tube is taken to be 2.0 m. The minor and major cross-sectional areas of both diffusers are 3.1 ×  10−3 m2 and 6.2 ×

 10−3 m2. 

3. Effect of exhaust gas mass flow rate 

The performance of the thermoacoustic device depends on the amount of thermal energy imparted to the helium gas in the hot heat 

exchanger. Therefore, the exhaust mass flow rate across the hot heat exchanger becomes a crucial parameter. Moreover, it is important 

to find the minimum exhaust mass flow rate required to have sound within the thermoacoustic device, known as the onset condition. 

The conditions assumed for this study are shown in Table 2. The program is modified in such a way that the volumetric velocity 
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 18  

oscillation at the beginning of the segment list and the frequency are guessed by DeltaEC. The mass flow rate of hot gas is varied, and 

the results are shown in Figure 9. 

 

Table 2 

Parameters Values 

Working Fluid Helium 

Mean pressure, pm 2.5 x 106 Pa 

Frequency, f ~ 300 Hz 

Magnitude of pressure oscillation, |p1| 1.835 x 105 Pa 

Phase of pressure oscillation, Ph(p1) 0 deg 

Heat source Hot gas from a 

burner 

Temperature of hot gas 623 K 

 

 

Figure 9. Electrical power output of TA engine for hot exhaust gas mass flow rate at a temperature of 623 K 

When the mass flow rate of hot exhaust gas is 0.5 kg/s, the obtained electrical power output is 1793 W. From this value the exhaust 

flow rate is reduced step by step until the power output becomes zero. If the exhaust flow rate is reduced further the simulated alternator 
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 19  

power output becomes negative. This is because the DeltaEC program achieves an acoustically balanced condition for the configuration, 

which requires additional power input. Therefore, it is determined that for the current ST-TEG configuration, the lowest flow rate of hot 

exhaust gas at 623 K is 0.08 kg/s for the onset of sound. Considering the hot exhaust gas mass flow rate and temperature to be at their 

minimum condition, further analysis is carried out by varying the temperature of the hot gas. 

 

4. Effect of hot gas temperature on ST-TEG 

The performance of the ST-TEG configuration is simulated for the input gas temperature range of 623 K to 773 K at two values of 

the mass flow rate of hot gas. At 0.08 kg/s and 623 K, the power output is estimated to be slightly negative. As the temperature increases, 

the electrical output drastically increases. For the case of the hot-gas flow rate of 0.2 kg/s, at 623 K, the alternator power output is 

estimated to be 1130 W, and at 773 K, it is estimated to be 3320 W. Figure 10 shows the simulated performance of ST-TEG configuration 

with respect to the temperature variation. As the hot gas mass flow rate and the temperature of the hot heat exchanger increases, energy 

added to the working fluid increases, which in turn is converted into acoustic power. The acoustic power is then converted into electrical 

power at the alternator. 

 

Figure 10. Electrical power output of ST-TEG vs. hot exhaust gas temperature 

The efficiency of the ST-TEG configuration is evaluated as the acoustical power taken by the alternator divided by the heat absorbed 

by the hot heat exchanger. The temperature drop of the hot exhaust gas is found to be around 40 K. Figure 11 shows the efficiency of 

the thermoacoustic device for a range of hot exhaust gas input temperatures. 
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Figure 11. Efficiency vs. hot exhaust gas input temperature  

Also, Carnot efficiency is calculated based on the hot exhaust gas input temperature and an ambient temperature of 305 K. It is evident 

that the increase in mass flow rate and temperature increases the overall efficiency of the system. Around 20% of Carnot efficiency is 

achieved.  

 

Conclusion 

The Single Thermal-Core Thermoacoustic Electric Generator (ST-TEG) is intended for producing multi-kilowatts of electrical 

power output from the hot exhaust of a 20 kWth burner. The device will be the first of its kind thermoacoustic device in generating a 

kilowatt scale of electricity using a piezoelectric alternator. A parametric study of the device has been carried out using DeltaEC 

simulation software. The minimum required condition for the hot gas source is estimated from the simulation. The required minimum 

mass flow rate of hot gas into the hot heat exchanger is 0.08 kg/s at a temperature above 623 K. A proper hot heat exchanger has been 

designed based on the simulation results. The performance of the design configuration is simulated, and the results give confidence of 

producing 3.32 kW of electrical power at an efficiency of 19.5% from a hot gas source at a temperature of 773 K and at an input exhaust 

flow rate of 0.2 kg/s.   
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