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Abstract

The utilisation of the thermal emissions of modern ship power plants requires the development and implementation of 
essentially new methods of using low-temperature waste heat. Thermoacoustic technologies are able to effectively use low-
temperature and cryogenic heat resources with a potential difference of 500–111 K. Thermoacoustic heat machines (TAHMs) 
are characterised by high reliability, simplicity and environmental safety. The wide implementation of thermoacoustic 
energy-saving systems is hampered by the low specific power and the difficulties of directly producing mechanical work.
An efficient approach to converting acoustic energy into mechanical work entails the utilisation of axial pulse bidirectional 
turbines within thermoacoustic heat engines. These thermoacoustic turbogenerators represent comprehensive systems that 
consist of thermoacoustic primary movers with an electric generator actuated by an axial-pulse bidirectional turbine. The 
development of such a thermoacoustic turbogenerator requires several fundamental issues to be solved. For this purpose, 
a suitable experimental setup and a 3D computational fluid dynamics (CFD) model of a thermoacoustic engine (TAE) 
with bidirectional turbines were created. The research program involved conducting physical experiments and the CFD 
modelling of processes in a TAE resonator with an installed bidirectional turbine. The boundary and initial conditions for 
CFD calculations were based on empirical data. The adequacy of the developed numerical model was substantiated by the 
results of physical experiments. The CFD results showed that the most significant energy losses in bidirectional turbines 
are manifested in the output grid of the turbine.

Keywords: waste heat recovery; ship power plant; thermoacoustics; thermoacoustic engine; bidirectional turbine 

INTRODUCTION

Maritime transport is an important component of the global 
economy, as it provides the bulk of freight traffic. Marine heat 
engines consume carbon-based recoverable fuel, producing 
significant amounts of heat emissions of various potentials 
that harm the environment. These emissions include fuel 
combustion products, such as CO2, SOn, NOx, volatile organic 
compounds (VOСs), carbon particles, etc. 

The International Maritime Organization (IMO), in 
accordance with the provisions of the United Nations Sustainable 
Development Goal (SDG) 13 [1]–[3], introduced requirements 
that direct the general trend in shipping towards a significant 
limitation of the volume and composition of emissions from 
ship power plants, including diesel and gas turbine units [4]–[8]. 

The task of the decarbonisation of marine energy has 
become vital; it aims to minimise the consumption of carbon 
fuels, which is a key factor in reducing greenhouse gas (GHG) 
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emissions. The result of these measures was the introduction of 
efficient dual-fuel engines that use new types of fuel, including 
cryogenic fuels. These measures led to a significant decrease in 
the temperature of thermal emissions (Table 1).

Under such conditions, traditional ship thermal emission 
utilisation schemes, based on the classic water Rankine cycle 
(WRC), become ineffective. It is these circumstances that lead 
to the use of other energy-saving technologies, such as the 
organic Rankine cycle (ORC) system [9] ]–[11] and thermo-
chemical conversion [12].

A promising method for the utilisation of the low-temperature 
thermal emissions of ship power plants (SPPs) may be the use 
of thermoacoustic technologies [13], [14]. 

There are two types of thermoacoustic machines: 
thermoacoustic engines (TAEs) and thermoacoustic refrigerators 
(TARs), or heat pumps. Thermoacoustic engines (movers) 
implement a direct process – converting thermal energy from 
external sources into an acoustic form. A TAR performs the 
opposite process – it consumes acoustic energy and converts it 
into the heat with different potential. 

Tab. 1. Temperatures of waste heat carriers of modern SPPs

Heat carrier/source
2S ICE 4C ICE PEM FC

Temperature, K

Waste gases of ICE 490–530 500–690 –

Air charger 400–490 380–470 –

Cooling system liquid 355–360 360–370 (LT PEM) 333–363
(HT PEM) 450–493

LNG fuel 111 111 111

NH3 fuel 240 240 240

In ship power systems, TAEs can utilise high-potential heat 
sources with temperatures ranging from 330–550 K or higher, 
such as emissions from internal combustion engines (ICEs) or 
electrochemical generators like solid oxide fuel cells (SOFCs) 
and polymer electrolyte membrane fuel cells (PEMFCs). On 
the other hand, low-potential thermal sources might be the 
ambient environment or cryogenic fluids such as liquefied 
hydrogen (LH2), natural gas (LNG) or ammonia (NH3), with 
temperatures from 4–240 K [15]. The widespread application 
of thermoacoustic systems in practice is hindered by the 
complexity of the efficient conversion of acoustic energy into 
mechanical work, a low specific power density and the lack of 
practical experience. Issues related to the development of low-
temperature thermoacoustic systems were considered in [16].

In terms of renewable energy, we are familiar with wave 
power plants that utilise oscillating water columns (OWCs), 
which incorporate bidirectional turbines like the Wells turbine 
and impulse bidirectional turbines [17]–[19]. The application of 
bidirectional turbines in thermoacoustic heat recovery systems 
has also been addressed in previous studies [19]–[23].

Bidirectional turbines are the most efficient transducers for 
ship thermoacoustic waste heat recovery systems (WHRSs) 
when it comes to generating mechanical work and driving 
electric generators. They are capable of transforming the energy 
of acoustic oscillation into the rotational motion of the turbine 

rotor. Therefore, it can be considered that such thermoacoustic 
turbine generators (TATGs) are the most rational solution for 
low-temperature ship WHRSs. 

Obviously, the use of bidirectional turbines in thermoacoustic 
devices is an appropriate solution. However, it should be noted 
that OWC units differ significantly from TAE units in terms of 
the design and parameters of the working environment, and 
therefore the direct use of existing approaches in the design of 
such turbines is problematic. The existing problem is a complex 
task and requires a set of additional studies.

FUNCTIONING CONDITIONS 
OF BIDIRECTIONAL TURBINES

It is known that OWC plants are open systems that operate at 
atmospheric pressure (Pm = Pamb). In these systems, the working 
medium, air, undergoes oscillatory motion. In the flowing part 
of the OWC, the amplitude of these oscillations’ motion can 
reach several metres, while the frequency of oscillations does 
not exceed 0.2 to 1 Hz:

ζ = ρa
us  = (0.05–0.1)Pm

2πfρ√χRT
 ,        (1)

where ρ is the density of the medium in kg/m3; χ is the adiabatic 
index; T is the temperature in K; and R is the universal gas 
constant.

TAEs are closed systems in which noble gases are the working 
fluid, the internal pressure Pm can reach 0.3–3.0 MPa and the 
frequency of the acoustic wave is f = 50–150 Hz.

Accordingly, in thermoacoustic devices, the amplitude of 
the oscillatory motion of the acoustic wave ζTAE is much smaller 
than ζOWC(Fig. 1).

Fig. 1. Comparison of the amplitudes of the oscillatory motion 
of the medium in an OWC and a TAE 

It is obvious that the hydrodynamic processes in the flow 
channels of OWC systems are significantly different from the 
processes in TAE resonators. In a thermoacoustic apparatus 
under high-frequency oscillations, the influence of inertial 
factors on the hydrodynamic parameters of the medium should 
increase significantly. In addition, there is a significant difference 
between the designs of the flow parts of these bidirectional 
turbines. In the case of an OWC, large-volume collectors are 
used. In thermoacoustic devices, the resonators have much 
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smaller dimensions. In this regard, it is possible to expect the 
formation of stable oscillating structures in the TATG resonator, 
which will introduce additional excitations and inhomogeneities 
at the input to the rectifier of the turbine. They will create a novel 
energy-consuming mechanism that should be confined on both 
sides of the bidirectional turbine. In view of these circumstances, 
it can be considered appropriate to conduct a complex of studies 
to obtain an in-depth understanding of these issues.

Purpose of research. Considering the disparities in the 
working processes between OWCs and TAEs, it is sensible to 
carry out research focused on understanding the peculiarities of 
hydrodynamic processes within the TATG resonator to identify 
the most rational design solutions. Research should involve 
both physical experiments and numerical calculations using 
computational fluid dynamics (CFD) procedures, which requires 
the creation of appropriate equipment and methods of research. 

Experimental setup

The investigation was conducted utilising an experimental 
bidirectional turbine. This turbine was designed and 
manufactured in accordance with the guidelines outlined in 
[24]. A 3D model of an experimental bidirectional turbine 
was developed in the CAD software developed by SolidWorks. 
The turbine’s components, including the rotor, guide grids and 
fairings, were produced using 3D printing techniques and plastic 
material, as depicted in Fig. 2. Detailed information about the 
dimensions of the elements of the experimental bidirectional 
turbine is provided in Table 2.

The rotor of the turbine was rigidly coupled to a three-phase 
brushless electric generator of the Sankyo F2JGL type. The 
output voltage from the generator was fed to a diode converter 
made of Schottky diodes, and a P517-M laboratory rheostat or 
a set of precision resistors was used as a load.

The rotation speed of the turbine was monitored by an SDS 
1074CFL digital oscilloscope, which was connected to one of 
the windings of the generator.

Such a scheme made it possible to simultaneously control 
the speed of rotation of the turbine rotor, the root-mean-square 
(RMS) voltage of the generator VRMS and the current in the 

electric grid. The characteristics of bidirectional turbines in 
a unidirectional flow were studied using the experimental 
installation, the scheme of which is shown in Fig. 3.

Tab. 2. Design parameters of bidirectional turbines

Element Value

Internal diameter of TAE resonator, mm 46

Outer diameter of turbine stator, mm 76

Outer blade diameter of turbine, mm 75

Turbine rotor diameter, mm 50

Blade width of rotor, mm 20

Number of rotor blades 24

Width of stator blades, mm 16

Number of stator blades 18

Differential thermostabilised pressure sensors of MPXV NXP 
semiconductors were used to measure the pressure drop along 
the turbine and on the entrance lemniscate. The equipment of 
the experimental stands and the available microprocessor-based 
data acquisition system (DAS) provided multiple measurements 
of sensor readings in each of the modes, which reduced the 
random error.

The STM32F407VGT6 microcontroller, which has a 32-bit 
architecture and an operating frequency of 168 MHz, was used 
to measure and register signals from pressure sensors, current 
sensors, voltage sensors, etc. 

The equipment of the test stands ensured multiple 
measurements of sensor readings in each of the modes, which 
reduced the random error.

Fig. 3. Diagram of the experimental stand for the study of the hydraulic resistance 
of the bidirectional turbine: 1 – lemniscate; 2 – inclined differential 
pressure gauge; 3 – turbine; 4 – fan; 5 – LATR; 6 – DAS oscilloscope 

SDS 1074CFL; 7 – diode bridge; 8 – ammeter; 9 – voltmeter; 10 – resistors 

Fig. 2. Experimental turbine generator assembly: 1 – turbine rotor, 2 – stator, 3 – generator, 4 – fairing, 5 and 6 – turbine axes, 7 and 8 – fasteners
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Fig. 5. Turbine rotor revolutions depending on the speed of the oncoming flow

It can be seen that the turbine rotation frequency also 
depends on the generator load. The maximum speed of rotation 
under the conditions of the experiment reached 5300 rpm. As 
can be expected, the maximum frequency of rotation of the 
turbine occurred when there was no load, in the idle regime. 
Additionally, during experimental studies, data were obtained 
that made it possible to determine its power depending on the 
speed of rotation. The results of these calculations are presented 
in Fig. 6. 

Fig. 6. The electrical power generated by the experimental turbine 
generator at various rotor speeds and loads 

The minimum load mode of the generator was simulated 
using a resistor rated at 500 ohms. The results of the tests showed 
the suitability of the turbogenerator model for further research.

CFD SIMULATION RESULTS

For a detailed study of hydrodynamic processes in the TAE 
resonator, a series of computational experiments was carried 
out. These studies were carried out with the help of various 
software products, which made it possible to compare the results 
obtained and assess the adequacy of the modelling.

In the ANSYS package [26], the channel geometry was 
created using the ANSYS Design Modeler and Blade Modeler 
programs, and the mesh was created using the ANSYS Turbo 
Grid program (Fig. 7); the analysis of the results was carried out 
using the CFD-Post software module. The features of various 
mathematical models that can be used in the CFD approach 
are described in detail in [27]–[31]. 

The polling frequency of the pressure sensor controller by 
the STM32F407VGT6 controller was 10 kHz, and the bit rate 
was 32 bits.

A digital 4-channel oscilloscope, SDS 1074CFL, was used for 
the visual control of the operation of the TAE and the progression 
of the experiments, as a duplicating the measurement and 
registration of research information. Communication with the 
DAS and the oscilloscope was ensured using the USB interface. 
This microprocessor-based control and measurement system 
is discussed in more detail in [25].

An important task of the experimental research was to assess 
the operability of a model sample of a pulsed bidirectional 
turbine and its suitability for further experiments. All failings 
that were identified at the preparation stage were fixed. 

Taking into account instrument errors and errors of 
approximation of expressions, the total measurement error 
does not exceed 2.5%. The error of determining the power of 
the generator, when using the existing DAS, does not exceed 2%.

EXPERIMENT RESULTS

At this stage of the experiments, the characteristics of the 
turbogenerator exclusively in the longitudinal flow at different 
air flows rates were studied. The results of the experiments, that 
is, the pressure drops of the bidirectional turbine, are shown 
in Fig. 4.

Fig. 4. Dependence of hydraulic resistance of bidirectional turbines 
on flow velocity under different loads

The load on the turbogenerator was changed using a set of 
precision resistors with different resistance values Ri. Data on 
the hydraulic resistance of a turbine with a fixed rotor were 
also obtained.

Research results have shown that a turbine with a fixed rotor 
has minimal flow resistance, which is quite natural. For a turbine 
with a free rotor, as the load decreases, the flow resistance 
increases. Furthermore, the data of these studies were used to 
verify the correctness of the results of the CFD modelling. The 
results of measuring the frequency of rotation of the turbine 
rotor depending on the speed of the oncoming flow are shown 
in Fig. 5. The main task of these experiments was to test the 
performance of the turbine in long-term operating modes and 
to assess the stability of external indicators. 
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In the first stage of research, in order to check the correctness 
of the construction of the CFD calculation models and create 
a time-efficient calculation scheme, test calculations were carried 
out. Considering the complexity of the task, the calculations were 
restricted to the fixed turbine rotor. In these experiments, the 
conditions of full-scale experiments to measure the resistance of 
a bidirectional turbine in a unidirectional flow were simulated.  

The boundary conditions were set in accordance with the 
parameters of the physical experiment, and the standard k-e 
turbulence model was used. Fig. 8 shows the results of the CFD 
simulation of the hydraulic resistance of a resonator section 
with a bidirectional turbine.

It can be seen that the results of the CFD calculations and 
physical experiments coincide satisfactorily, since the difference 
between them does not exceed 10%. The existing deviations 
in the results can be explained by the difficulty of determining 
and taking into account the roughness of the surface of the 
bidirectional turbines and by some design deviations that were 
due to the capabilities of the existing 3D printer.

In further calculations, the hydrodynamic structure of the 
flow in the resonator with bidirectional turbines was studied. 
The calculations were made for the speed range of 3–25 m/s, 
which fully covers the range of amplitude values of the oscillating 
velocity that could be achieved during the experiments. The 
complexity of the hydrodynamic picture is shown in Figs. 9–11.

Fig. 8. Hydraulic resistance of IDT specimen: comparison of experimental 
data with CFD simulation results

The vortex structures in the flow behind the bidirectional 
turbines are more effectively visualised through the results 
presented in Figs. 12 and 13.

These figures demonstrate that within the resonator of the 
thermoacoustic generator, swirl flows developed, wherein 
the tangential velocity component equals nearly 60% of the 
longitudinal component. These persistent circulating vortex 
structures possess substantial energy accumulation capabilities 
and are rather stable. 

Fig. 7. Experimental sample of a bidirectional turbine and its CFD model: a) ANSYS Design Modeler, b) SolidWorks 3D model

Fig. 9. Distribution of static pressure in the resonator channel with bidirectional turbines at different flow rates
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Fig. 12. Current lines in a resonator with an experimental turbine; 
the rotor is stationary

It can be argued that these phenomena in conditions 
of oscillating motion should lead to a  non-uniform flow 
distribution in front of the straightening blades of bidirectional 
turbines, which is an undesirable factor. When designing such 
bidirectional turbines, measures should be taken to reduce these 
effects. In addition, the presence of tangential currents on the 
concave surface of the resonator will lead to the formation of 

secondary vortex structures of the Hertler-Taylor type, which 
also represent an energy-consuming mechanism.

Fig. 13. Distribution of circumferential velocity along the length of the resonator 
with bidirectional turbines: a) velocity of 5 m/s; b) velocity of 10 m/s

Fig. 10. Distribution of static pressure in the resonator channel with bidirectional turbines at different flow rates

Fig. 11. Velocity distribution across the resonator cross-section
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CONCLUSIONS

To perform the research program, a suitable experimental 
setup was developed; it includes a  test worktable and 
a  microprocessor data acquisition and recording system. 
A  prototype of a  turbogenerator equipped with a  pulsed 
bidirectional turbine was fabricated, and a  numerical 
counterpart was established for CFD simulations.

First, experimental evaluations were conducted under 
straight-line medium movement conditions with varying 
generator loads. Hydraulic resistance measurements of the 
turbine model within the resonator were sourced empirically. 
The results demonstrated that peak pressure losses transpire 
during the idling phase at the generator’s minimal load. Under 
such conditions, rotor rotational speeds reached up to 5500 rpm.

A  CFD framework was constructed to represent the 
combination of a bidirectional turbine and a thermoacoustic 
engine resonator. This model facilitated the exploration of 
turbine characteristics both for a stationary rotor and during 
the rotor’s rotation.

The hydraulic resistance computations for the stationary-rotor 
turbine aligned closely with empirical results, deviating by less 
than 10%. This concurrence validates the utility of the developed 
CFD model for subsequent investigations. Simulations, executed 
across various software packages, consistently yielded analogous 
outcomes.

Numerical analyses revealed the emergence of pronounced 
tangential and radial secondary currents immediately behind 
the bidirectional turbine within the resonator. These secondary 
vortex patterns introduce augmented energy expenditures and 
require minimisation. Given the derived results, optimising the 
design of the bidirectional turbine’s guide apparatus, as well as 
refining the profiling of the shroud and the resonator, emerges 
as a reasonable solution.

In analysing the current results, it is very important to 
consider that the simulations were focused on a small two-
way turbine with an output power of only a few watts. However, 
for shipboard thermoacoustic WHRSs, the turbine generators 
should provide power at levels of approximately 102 to 103 
kW. For such significantly larger structures, the occurrence of 
so-called large-scale effects is likely. In addition, the question of 
the construction of TATG resonators and their overall aggregate 
location is open.

In future efforts, the priority should be the integration of 
innovative design solutions aimed at mitigating the appearance 
of secondary radial flows in the resonators of high-power 
thermoacoustic generators.
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