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Nowadays, energy storage engineering is an important means to relieve the problem of energy shortage. In this investigation, we design a kind of vaneless turbine originating from a Tesla turbine with a diameter and an air gap of 250 mm and 0.5 mm, respectively. Importantly, such a vaneless turbine removes the feature of an air outlet in the middle and adopts other ways of entering and leaving on both sides, so as to strengthen the rotor, because there is no need for a large hole in the middle of the rotor. Furthermore, the rotor dynamics characteristics of the vaneless turbine are calculated by six different modes. We also obtain the critical speed in different modes. Moreover, the flow field performances, such as the velocity and pressure of fluid (air), are investigated using the finite element simulation method. In addition, the bench test is built to obtain the output characteristics of a vaneless turbine. The maximum output torque is about 5.56 Nm at 992 rpm, and the maximal rotational speed of the vaneless turbine can reach 3200 rpm. Our work provides new ideas and guidance for the design and research of the new generation of the vaneless turbine.
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INTRODUCTION
Nowadays, in order to alleviate the energy shortage, energy conversion and energy storage engineering have been widely concerned. From nanoscale functional materials (Ren et al., 2022a; Zhang et al., 2022a; Ren et al., 2022b; Ren et al., 2022c; Ren et al., 2022d; Ren et al., 2022e; Ren et al., 2022f; Qin et al., 2022) to large engineering equipment (Zhang et al., 2022b; Lee and Hong, 2022; Li and Taghizadeh-Hesary, 2022), extensive energy conversion research studies have been developed. In recent years, compressed air energy storage has attracted significant focus (Fayziyev et al., 2022; Liang et al., 2022). Compressed air energy storage mainly uses the residual power compressed air at the low load of the power grid and stores it in the high-voltage sealed facilities to drive the gas turbine for power generation at the peak of power consumption. Compressed air energy storage technology is a new energy storage technology. Compared with other energy storage methods, compressed air energy storage has been considered a green and sustainable energy storage technology with unique characteristics of high capacity and long storage time, and its scale and cost are similar to those of a pumped storage power station (Wang et al., 2017). The efficiency of a complete charge–discharge cycle with several adiabatic compressed air energy storage configurations was analyzed by means of energy balance. The key factor to improve efficiency is to develop high-temperature heat storage (larger than 600°C) and high-temperature resistant materials for compressors (Hartmann et al., 2012). An average round trip energy efficiency (output electric energy/input electric energy) of 22.6% was achieved by Wang et al. (2016), and the maximum generator power of 430 kW was obtained during the discharge process. Moreover, in an energy storage system such as compressed air, the conventional turbine plays a key role, such as pneumatic motor, which converts the pressure energy of compressed air into rotating mechanical energy. However, the pneumatic motor needs regular maintenance and low energy efficiency (less than 65%). Therefore, there are still many restrictions on the use of pneumatic motors (Stoianovici et al., 2007; Tanaka et al., 2013; Deaconescu and Deaconescu, 2022).
Compared to pneumatic motors, the Tesla turbine has attracted abundant research because of its unique working principle (Song et al., 2017; Manfrida et al., 2018; Rusin et al., 2018). The Tesla turbine is a blade-free turbine driven by fluid viscous force, which was proposed by Nikola Tesla in 1913. The Tesla turbine is called a vaneless turbine because it applies the boundary layer effect instead of the traditional direct impact of fluid on turbine blades. In addition, Tesla turbines are also known as “boundary layer turbine,” “condensation-type turbine,” and “Prandtl layer turbine.” The principle of the Tesla turbine is the boundary layer effect of fluid. Influenced by viscous force, the fluid will form a thin boundary layer on the edge of a pipe wall or other objects. In the boundary layer, the velocity on the fixed surface is 0, and the farther away from the surface, the greater is the velocity. Using this effect, a group of disks can be driven by a high-speed liquid. Therefore, its efficiency is much higher than that of an ordinary blade turbine, and the theoretical efficiency can reach more than 85%. Recently, lots of investigations have been explored to study the characteristic of the Tesla turbine. For example, the flow field characteristics of the Tesla turbine were systematically studied by simulation calculations using three working fluids (Ciappi et al., 2019). Such a turbine possesses high output efficiency of about 69% at the rotational speed of 3000 rpm. A new procedure for the Tesla turbine using organic Rankine cycle applications was developed, which can estimate the expander size (Talluri et al., 2018). Furthermore, a system design method of the Tesla turbine was proposed to decide the decent parameters and geometric model of the Tesla turbine, which demonstrates that the Tesla turbine presents an excellent performance at low rotational speed (Ji et al., 2019). However, the gas circulation mode of the Tesla turbine determines the particularity of its structure explaining the tiny gap and middle opening as a gas outlet. Thus, the strength of the structure will be greatly reduced. Moreover, the modal is also the key parameter influencing the deformation during rotation, which is rarely investigated.
Therefore, in this work, a new vaneless turbine was designed. The simulation methods were conducted to study the structural characteristics, rotor dynamics properties, and internal gas flow field performances under different rotational speeds. Then, the output rotational speed and torque of such a vaneless turbine were monitored by the bench test.
SIMULATION ANALYSIS
The design of the vaneless turbine
We proposed an extraordinary vaneless turbine originating from the Tesla turbine, and the overall assembly structure is shown in Figure 1A. The critical components are blade (demonstrated in Figure 1B), bearings, and shell, etc. Different from the traditional Tesla turbine, the inlet and outlet ports of the turbine are located on the edge of the disc rather than the middle outlet, as shown in Figure 1C. Thus, the middle of the blade is made solid, and then the weight of the blade is reduced through some holes. In particular, to retain a decent gap for the boundary layer effect between the air and blade, the gap is built by inserting a smaller blade with a thickness of 0.5 mm between each blade, which means the gap is 0.5 mm for the turbine, exhibited in Figure 1D. The diameters of the larger and middle blades are 250 mm and 200 mm, showing that the depth of the gap is 25 mm for the air. Furthermore, considering the mechanical properties and processing characteristics of the material, silicon steel was selected as a blade. For a better boundary layer effect, the blade is finally annealed and coated with insulating coating on both sides. The surface of the blade is smooth and clean without grease and rust. The coating is a mixture of inorganic components based on chromate, with a small amount of organic components added to improve the punching performance of the blade. The coating has a certain interlayer resistance. In a neutral atmosphere or weak reducing furnace atmosphere, the maximal stress relief annealing temperature, which is up to about 800°C, and the interlayer resistance will be reduced during annealing. The coating can withstand 300–550°C burning treatment. Finally, the assembled integral blade is obtained by gluing.
[image: Figure 1]FIGURE 1 | Demonstration of the designed vaneless turbine in this work: (A) exploded view of assembled structure, (B) structure of the assembled integral blade, (C) air flowing path, and (D) small blade in the assembled integral blade.
Modal calculation of rotor dynamics
As a high-speed rotating part, the rotor dynamics characteristics of this vaneless turbine are crucial to evaluate its failure capability. Due to the manufacturing error, the center of mass of each micro-segment of the rotor generally deviates slightly from the rotation axis. When the rotor rotates, the centrifugal force caused by the aforementioned deviation will cause the rotor to generate lateral vibration. This vibration is extremely strong at some speeds, which are called critical speeds. In order to ensure that the machine will not resonate within the working speed range, the critical speed should be appropriately deviated from the working speed, for example, by more than 10%. The critical speed is related to the elasticity and mass distribution of the rotor. For a discrete rotating system with finite lumped masses, the number of critical speeds is equal to the number of lumped masses; for an elastic rotating system with a continuous mass distribution, there are infinitely many critical speeds. The most commonly used numerical method to calculate the critical speed of a large rotor support system is the transfer matrix method. The main points are as follows: first, the rotor is divided into several sections, and the relationship between the four section parameters (deflection, deflection angle, bending moment, and shear force) at the left and right ends of each section can be described by the transfer matrix of this section. In this way, the total transfer matrix between the cross-sectional parameters of the left- and right-end faces of the system can be obtained. Then, based on the boundary condition and the condition that there is a non-zero solution in the natural vibration, the critical speed of each order is obtained by the trial and error method, and then the corresponding vibration mode is obtained. Thus, the modes at different rotational speeds are calculated. A mode is the natural vibration characteristic of the structural system. The free vibration of the linear system is decoupled into N orthogonal single degree of freedom vibration systems, corresponding to N modes of the system. Each mode has a specific natural frequency, damping ratio, and mode shape. These modal parameters can be obtained by calculation or test analysis, and such a calculation or test analysis process is called modal analysis. Through the structural modal analysis method, the vibration characteristics of various modes of the mechanical structure in a certain vulnerable frequency range can be obtained, as well as the vibration response results of the mechanical structure in this frequency band and under the excitation of various internal or external vibration sources. Then, the modal parameters can be obtained by the modal analysis method and combined with relevant tests, and these unique parameters can be used for the structural redesign. We extracted the deformation under the first dielectric mode, as shown in Figure 2. One can find that the vaneless turbine presents a maximum deformation at 500 rpm. Importantly, the maximal deformation is about 2.8 mm, and the high rotational speed results in lower deformation which means the resonance amplitude will be small at high rotational speed for the first mode of the vaneless turbine.
[image: Figure 2]FIGURE 2 | Deformation of the vaneless turbine by the first mode at (A) 500 rpm, (B) 1000 rpm, (C) 1500 rpm, (D) 2000 rpm, (E) 2500 rpm, and (F) 3000 rpm.
Then, the deformation under the sixth dielectric mode of the vaneless turbine at different rotational speeds is demonstrated in Figure 3. These induced deformations are obviously larger than those of the first modal. Moreover, the maximum deformation is still explored at 500 rpm. The maximal deformation is obtained about 3.2 mm for the vaneless turbine at these rotational speeds under the sixth mode. Differently, the high rotational speed suggests large deformation; thus, avoiding high-order frequencies at high rotational speeds is critical for the vaneless turbine. Moreover, the deformation of the vaneless turbine by second- to fifth-order mode is presented in Supplementary Figures S1, S4. Furthermore, the Campbell diagram of the vaneless turbine is exhibited in Figure 4. The FW and the BW are forward and backward rotations, respectively. In the figure, the horizontal axis is the rotational speed value, the vertical axis is the frequency value, and the slope of the slash of the zero crossing point is 1. The intersection of the slash and frequency line is the critical speed of the rotor on the abscissa. Evidently, as the rotational speed of the vaneless turbine increases, the natural frequency will also increase at second and sixth modes, while the third and fourth modes possess slight change, which means the torsional deformation occurs in modes 3 and 4, and the natural frequency remains basically stable. In addition, the rotational speed under the first and fifth orders is inversely proportional to the natural frequency.
[image: Figure 3]FIGURE 3 | Deformation of the vaneless turbine by the sixth mode at (A) 500 rpm, (B) 1000 rpm, (C) 1500 rpm, (D) 2000 rpm, (E) 2500 rpm, and (F) 3000 rpm.
[image: Figure 4]FIGURE 4 | Calculated Campbell diagram of the vaneless turbine by the first six modes.
In general, when the rotational speed of the rotating mechanism increases, the amplitude will increase greatly near some rotational speeds. This is because when the working speed occurs at the natural frequency, its transverse amplitude will increase greatly. The speed at this time is the critical speed. The critical speed of the first four modes is greater than the working speed, which indicates that the system has a sufficient vibration safety margin and will not resonate. However, when the working speed is greater than 2500 rpm, resonance may occur (at this time, the critical speed is less than the working speed). With the continuous increase in rotational speed, the natural frequency will not always increase, but also decrease, which may be due to the rotation softening effect and gyro effect.
Flow simulation calculation
The flow characteristic is an important way to study the working performance of a turbine. Here, we calculated pressure, speed, and streamline diagram of the fluid (air) in the vaneless turbine by different rotational speeds. In Figure 5A, the pressure of the overall fluid in the vaneless turbine is demonstrated at 500 rpm–3,000 rpm. It can be seen that the maximum pressure has occurred at the lower rotational speed, which means the larger torque. In addition, the speed of the fluid at different rotational speeds is shown in Figure 5B, and the results are in accordance with the input parameters of speed. Moreover, the streamline diagram of the fluid in the vaneless turbine is also calculated in Figure 5C, and the results explain that the flow path of the fluid in the turbine does not return, thus showing a normal flow state.
[image: Figure 5]FIGURE 5 | Obtained flow characteristics of the (A) pressure, (B) speed, and (C) streamline diagram of the vaneless turbine at different rotational speeds.
EXPERIMENTAL INVESTIGATION
In order to verify the actual output characteristics of such a vaneless turbine, we have built an experimental platform using the torque sensor, air compressor, and magnetic particle brake, etc., which are demonstrated in Figure 6. The air compressor is used as the boost for the turbine, which possesses a 3 MPa capacity. It is worth noting that the gas pipeline also can endure a maximum load of about 10 MPa. During the test, the inlet and outlet pressure and flow are monitored by the flow sensor, as shown in Figure 1. The shafts of the turbine, torque sensor, and magnetic particle brake are installed at the same height, and their shafts are connected as a shaft with a sleeve to rotate. After the turbine is driven, the magnetic particle brake acts as a towed motor feedbacking the torque from the turbine. The braking force of the magnetic particle brake is regulated by the current. The middle torque sensor can read the output speed and torque of the turbine.
[image: Figure 6]FIGURE 6 | Test platform for output characteristics of the vaneless turbine.
Under the no-load condition, with the output of compressed gas from the air compressor, the vaneless turbine takes about 150 s from the start to steady state. Also, the obtained maximum rotational speed is up to 3200 rpm. Then, the current of the magnetic particle brake is increased, and the output rotational speed decreases, as shown in Figure 7A. One can find that the rotational speed drops rapidly within 2 Nm, while the maximum output torque is about 5.56 Nm at 992 rpm. The response of the output rotational speed to the input flow is also investigated, as shown in Figure 7B, demonstrating that the increase of flow can reduce the output rotational speed because of the decreased rotational speed of input gas.
[image: Figure 7]FIGURE 7 | (A) Output of the rotational speed by different torques of the turbine; (B) output of the speed by different flows in the turbine.
CONCLUSION
The gas in the Tesla turbine usually enters from the side and exits from the middle, but this structure makes the turbine blades easy to be deformed under high pressure. Based on this, our investigation proposes a vaneless turbine with an inlet and outlet on both sides, so that the strength of the blades can be greatly improved. Then, in order to study its resonance characteristics, the eigenfrequencies at different speeds and the critical speeds at different modes are calculated. The fluid characteristics at different speeds are also monitored by finite element analysis. Furthermore, the turbine sample is made, and the bench test is also built to explore the output characteristic of such a vaneless turbine. This vaneless turbine presents a novel torque of about 5.56 Nm at 992 rpm and a no-load rotational speed of about 3200 rpm.
DATA AVAILABILITY STATEMENT
The raw data supporting the conclusion of this article will be made available by the authors, without undue reservation.
AUTHOR CONTRIBUTIONS
All the authors listed have made a substantial, direct, and intellectual contribution to the work and approved it for publication.
ACKNOWLEDGMENTS
The authors thank the Natural Science Research Project of Colleges and Universities in Anhui Province (KJ 2020A0838).
PUBLISHER’S NOTE
All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors, and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.
SUPPLEMENTARY MATERIAL
The Supplementary Material for this article can be found online at: https://www.frontiersin.org/articles/10.3389/fchem.2022.1013473/full#supplementary-material
REFERENCES
 Ciappi, L., Fiaschi, D., Niknam, P. H., and Talluri, L. (2019). Computational investigation of the flow inside a Tesla turbine rotor. Energy 173, 207–217. doi:10.1016/j.energy.2019.01.158
 Deaconescu, A., and Deaconescu, T. (2022). Energy-to-Mass ratio—a novel selection criterion of pneumatic motors used for the actuation of wearable assistive devices. Appl. Sci. 12, 6459. doi:10.3390/app12136459
 Fayziyev, P., Ikromov, I., Otaboyev, N., and Abduraximov, A. (2022). The analysis of gas balloon supply systems. Eurasian J. Eng. Technol. 4, 115–122. 
 Hartmann, N., Vöhringer, O., Kruck, C., and Eltrop, L. (2012). Simulation and analysis of different adiabatic compressed air energy storage plant configurations. Appl. Energy 93, 541–548. doi:10.1016/j.apenergy.2011.12.007
 Ji, F., Bao, Y., Zhou, Y., Du, F., Zhu, H., Zhao, S., et al. (2019). Investigation on performance and implementation of Tesla turbine in engine waste heat recovery. Energy Convers. Manag. 179, 326–338. doi:10.1016/j.enconman.2018.10.071
 Lee, T.-W., and Hong, D.-K. (2022). Rotor design, analysis and experimental validation of a high-speed permanent magnet synchronous motor for electric turbocharger. IEEE Access 10, 21955–21969. doi:10.1109/access.2022.3152525
 Li, Y., and Taghizadeh-Hesary, F. (2022). The economic feasibility of green hydrogen and fuel cell electric vehicles for road transport in China. Energy Policy 160, 112703. doi:10.1016/j.enpol.2021.112703
 Liang, C., Xiong, W., Carriveau, R., Ting, D. S., and Wang, Z. (2022). Experimental and modeling investigation of critical slugging behavior in marine compressed gas energy storage systems. J. Energy Storage 49, 104038. doi:10.1016/j.est.2022.104038
 Manfrida, G., Pacini, L., and Talluri, L. (2018). An upgraded Tesla turbine concept for ORC applications. Energy 158, 33–40. doi:10.1016/j.energy.2018.05.181
 Qin, H., Ren, K., Zhang, G., Dai, Y., and Zhang, G. (2022). Lattice thermal conductivity of Janus MoSSe and WSSe monolayers. Phys. Chem. Chem. Phys. 24, 20437–20444. doi:10.1039/d2cp01692c
 Ren, K., Chen, Y., Qin, H., Feng, W., and Zhang, G. (2022). Graphene/biphenylene heterostructure: Interfacial thermal conduction and thermal rectification. Appl. Phys. Lett. 121, 082203. doi:10.1063/5.0100391
 Ren, K., Ma, X., Liu, X., Xu, Y., Huo, W., Li, W., et al. (2022). Prediction of 2D IV–VI semiconductors: Auxetic materials with direct bandgap and strong optical absorption. Nanoscale 14, 8463–8473. doi:10.1039/d2nr00818a
 Ren, K., Qin, H., Liu, H., Chen, Y., Liu, X., and Zhang, G. (2022). Manipulating interfacial thermal conduction of 2D janus heterostructure via a thermo‐mechanical coupling. Adv. Funct. Mat. 32, 2110846. doi:10.1002/adfm.202110846
 Ren, K., Shu, H., Huo, W., Cui, Z., and Xu, Y. (2022). Tuning electronic, magnetic and catalytic behaviors of biphenylene network by atomic doping. Nanotechnology 33, 345701. doi:10.1088/1361-6528/ac6f64
 Ren, K., Yan, Y., Zhang, Z., Sun, M., and Schwingenschlögl, U. (2022). A family of LixBy monolayers with a wide spectrum of potential applications. Appl. Surf. Sci. 604, 154317. doi:10.1016/j.apsusc.2022.154317
 Ren, K., Zhu, Z., Wang, K., Huo, W., and Cui, Z. (2022). Stacking-mediated type-I/Type-II transition in two-dimensional MoTe2/PtS2 heterostructure: A first-principles simulation. Crystals 12, 425. doi:10.3390/cryst12030425
 Rusin, K., Wróblewski, W., and Strozik, M. (2018). Experimental and numerical investigations of Tesla turbine. J. Phys. Conf. Ser. 1101, 012029. doi:10.1088/1742-6596/1101/1/012029
 Song, J., Gu, C.-w., and Li, X.-s. (2017). Performance estimation of Tesla turbine applied in small scale Organic Rankine Cycle (ORC) system. Appl. Therm. Eng. 110, 318–326. doi:10.1016/j.applthermaleng.2016.08.168
 Stoianovici, D., Patriciu, A., Petrisor, D., Mazilu, D., and Kavoussi, L. (2007). A new type of motor: Pneumatic step motor. Ieee. ASME. Trans. Mechatron. 12, 98–106. doi:10.1109/tmech.2006.886258
 Talluri, L., Fiaschi, D., Neri, G., and Ciappi, L. (2018). Design and optimization of a Tesla turbine for ORC applications. Appl. Energy 226, 300–319. doi:10.1016/j.apenergy.2018.05.057
 Tanaka, Y., Sakama, S., Nakano, K., and Kosodo, H. (2013). “Comparative study on dynamic characteristics of hydraulic, pneumatic and electric motors,” in Fluid power systems technology (America: American Society of Mechanical Engineers (ASME)), V001T001A037.
 Wang, J., Lu, K., Ma, L., Wang, J., Dooner, M., Miao, S., et al. (2017). Overview of compressed air energy storage and technology development. Energies 10, 991. doi:10.3390/en10070991
 Wang, S., Zhang, X., Yang, L., Zhou, Y., and Wang, J. (2016). Experimental study of compressed air energy storage system with thermal energy storage. Energy 103, 182–191. doi:10.1016/j.energy.2016.02.125
 Zhang, J., Zhang, C., Ren, K., Lin, X., and Cui, Z. (2022). Tunable electronic and magnetic properties of Cr2Ge2Te6 monolayer by organic molecular adsorption. Nanotechnology 33, 345705. doi:10.1088/1361-6528/ac715d
 Zhang, R., Zhang, W., Shi, M., Li, H., Ma, L., and Niu, H. (2022). Morphology controllable synthesis of heteroatoms-doped carbon materials for high-performance flexible supercapacitor. Dyes Pigm. 199, 109968. doi:10.1016/j.dyepig.2021.109968
Conflict of interest: WC and YZ were employed by Jiangsu Jiaoke Energy Technology Development Co., Ltd.
The remaining authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.
Copyright © 2022 Wang, Zhu, Chen and Zhou. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.
OPS/images/fchem-10-1013473-g005.gif





OPS/images/fchem-10-1013473-g006.gif





OPS/images/fchem-10-1013473-g003.gif





OPS/images/fchem-10-1013473-g004.gif
A Citicalrotating speed






OPS/images/fchem-10-1013473-g007.gif
Ao

B3 EE






OPS/xhtml/nav.xhtml
Contents

		Cover

		A new type of bladeless turbine for compressed gas energy storage system		Introduction

		Simulation analysis		The design of the vaneless turbine

		Modal calculation of rotor dynamics

		Flow simulation calculation





		Experimental investigation

		Conclusion

		Data availability statement

		Author contributions

		Acknowledgments

		Publisher’s note

		Supplementary material

		References









OPS/images/cover.jpg
& frontiers | Frontiers in Chemistry






OPS/images/fchem-10-1013473-g001.gif





OPS/images/fchem-10-1013473-g002.gif









OPS/images/crossmark.jpg
©

|





OPS/images/logo.jpg
2 frontiers | Frontiers in Chemistry





