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Abstract: The so-called ORC (Organic Rankine Cycle) heat recovery technology has attracted much attention with regard to medium and low temperature waste heat recovery. In the present study, it is applied to a Tesla turbine. At the same time, the effects of the disc speed, diameter and inter-disc gap on the internal flow field and output power of the turbine are also investigated by means of CFD (Computational Fluid Dynamics) numerical simulation, by which the pressure, velocity, and output efficiency of the internal flow field are obtained under different internal and external conditions. The highest efficiency (66.4%) is obtained for a number of nozzles equal to 4, a disk thickness of 1 mm, and a gap of 1 mm between the disks. The results of the study serve as a theoretical basis for the structural design and optimization of Tesla turbines.
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1  Introduction

The Tesla turbine was invented and patented by Nikola Tesla in 1913. Some recent advances can be found at https://doi.org/10.1016/j.applThermaleng.2022.118141 [1], but did not lead to industrial development after the introduction of the patent in 1913. Due to the recent emergence of ORC organic rankine cycle system and the popularity of distributed power generation, the scientific research on the use of Tesla turbines in this small-scale recycling system is very valuable, and therefore has received widespread attention and research by researchers in Shanghai, China.

As an important output component of the ORC waste heat recovery system, the structure and performance of the expander have a great impact on the power generation efficiency of the system. The current axial flow radial or axial turbine expanders of ORC systems often fail to meet the requirements of high efficiency, reliability, compactness and low cost. Therefore, it is necessary to study and analyze the design of turbines in ORC systems.

Polish and other scholars have conducted research on the application of Tesla turbines under low loads: Lampart et al. [2] applied a Tesla turbine in a co-generation micro power unit to explore its feasibility. Hasan [3] investigated the possibility of applying a Tesla turbine instead of an air conditioning compressor in an automotive system, where the energy transfer process uses a chain to connect the turbine rotor disc to the automotive engine bearings.

In the 1960s, Rice [4] developed a well-established analytical/numerical model in the Tesla turbine and performed a series of experimental studies to demonstrate that the Tesla turbine could be the leading technology for small micropower applications. Later, Rice further investigated the turbine by performing experimental analysis of six different configurations of the Tesla turbine and developing an analytical model for the flow within the rotor disk. Cirincione [5] developed a Tesla hybrid turbine using r245fa; the authors reported isentropic efficiency values exceeding 70% when using steam as the working fluid. Bao et al. [6] presented a computational model for evaluating the flow inside a Tesla turbine that works with a variety of organic work fluids; one of the main achievements is the verification that the best performance of the turbine is achieved for very thin gap widths and fluids with high kinematic viscosity.

Carey [7] improved the model developed by Rice and coupled it to a small-scale Rankine cycle system. Lemma et al. [8] performed a campaign throughout the calculations and experiments, emphasizing that the efficiency was mainly hindered by viscous losses. Choon et al. [9] used the potential energy of tap water to convert the potential energy into electrical energy during the storage of water, resulting in a hydro cycle to generate electricity. Hoya et al. [10] used the hydrostatic pressure loss to determine the efficiency of the supply nozzle. The friction coefficient (indicating the energy loss associated with friction) of a Tesla turbine is 10 times higher than that of a gas turbine. Ji et al. [11] introduced a small-scale WHR (Waste Heat Recovery) scheme that uses a Tesla turbine to convert waste heat into mechanical energy, which in turn outputs electrical energy. A combined WHR system was designed to verify the feasibility of the scheme.

The Tesla turbine is a very unique type of turbine, which is bladeless and consists of a series of parallel flat discs that transfer work using fluid viscous effects as well as friction, which are assembled coaxially with a tiny gap between each disc. Since the fluid needs to flow into the rotor as much as possible, the bladeless rotor is positioned in a frame with one or more nozzles, causing the fluid to enter the system circumferentially [12].

The Tesla turbine differs from the conventional vane turbine in that it works by exploiting the boundary layer effect of the fluid: when the fluid flows around a solid wall and the motion is turbulent, the viscous forces are very small and negligible; however, the viscous forces are large in the thin layer close to the wall [13–15]. Due to this viscous force and the friction between the fluid and the disc makes a considerable velocity gradient along the wall in the normal direction, the thin layer near the wall is called the boundary layer. The thickness of the boundary layer is determined by the Reynolds number. The larger the Reynolds number of the fluid working medium, the thinner the boundary layer [16].

The transition from the flow within the boundary layer to the external flow velocity is gradual, and the closer to the wall, the smaller the flow velocity. Depending on the magnitude of the Reynolds number, the flow within the boundary layer has both laminar and turbulent forms [15,17]. The following figure shows the schematic diagram of a fluid using the boundary layer effect to drive the rotation of a Tesla turbine disc. The principle of operation is based on the boundary layer effect in fluid dynamics. When a fluid (e.g., a gas or a liquid) flows on the surface of an object (e.g., a pipe wall or a turbine blade), due to viscous forces, the fluid forms a very thin boundary layer at the edge of the object. Within the boundary layer, the flow velocity is zero at a fixed surface, and the velocity increases the farther away from the surface. In the Tesla turbine, this principle is utilized to achieve effective guidance and utilization of the fluid within the boundary layer by means of a carefully designed turbine blade shape and layout. Specifically, the special shape of the turbine blades can make the fluid flowing through the surface of the blades form a specific velocity distribution within the boundary layer, thus realizing efficient energy conversion.

An example of a rotor disc is shown in the Fig. 1 above. The fluid viscosity causes momentum to diffuse from the fluid to the disc, and the momentum of the working fluid is converted into kinetic energy for the rotation of the disc. The working medium enters the rotor from the outer edge of the turbine disc, and the first fluid layer adheres to the disc surface by adhesion forces. Particles from the high-speed fluid layer collide with particles from the low-speed fluid layer and generate momentum exchange. As a result, momentum is transferred to the first fluid layer in contact with the disc and the rotor starts to rotate. It was shown [12] that the Tesla turbine is very suitable for small ORC systems and ideally, its power generation efficiency can be as high as 80%.
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Figure 1: Tesla turbine operating principle (a) velocity distribution between discs; (b) adhesion force and momentum transfer [18]

Specific optimization of the Tesla turbine structural parameters such as disc speed, inter-disc clearance and external environment [12] was carried out to derive a series of internal structural parameters of the disc to improve the performance and efficiency of the Tesla turbine as a way to improve the efficiency of practical applications. The special structure and applicable scenarios of the Tesla turbine are used to replace the conventional expander in the ORC system, thus improving the power generation efficiency and simplifying the structure manufacturing process. The feasibility and efficiency of the Tesla turbine for ORC system will be investigated through simulation to discover the maximum efficiency of the Tesla turbine for ORC power generation system.

2  Mathematical Model for Fluid Simulation

Numerical simulations were performed using Ansys 2021 commercial software. Since there is a considerable variation in the flow temperature between the discs, its effect on the laminar flow viscosity values needs to be considered. Considering the change in laminar fluid viscosity due to temperature variation may affect the shear stresses generated on the valve disc walls. The methodology of this study uses the Sutherland’s formula for its modeling, which is widely used in engineering because it describes more accurately the variation of fluid viscosity with temperature. This formula is derived based on experimental data and has a simple form that is easy to implement in calculations. In the numerical simulation of disc valves, the effect of viscosity on shear stresses needs to be considered because changes in flow temperature may lead to changes in fluid viscosity. Based on this, the use of Sutherland’s formula can be used to calculate the fluid viscosity at different temperatures in a very good way, thus simulating more accurately the flow inside the disc valve.

By using Sutherland’s Eq. (1) to determine


μ=μref(TTref)32Tref+TsT+Ts
(1)

where 
Ts
-Sutherland temperature;


μref
-reference viscosity;


Tref
-reference temperature.

where Sutherland temperature 
Ts=110.4 K
, reference viscosity 
μref=1.179×10−5 Pa⋅s
, and reference temperature 
Tref=273.15 K
.

The turbulence model used for the simulation is k-ωSST, which is a combined model of the near-wall k-ω turbulence model and the far-field k-ε turbulence model. The surface roughness is modeled using the sand roughness ε. can be derived using the arithmetic mean deviation of the roughness height Ra:


ε=2Ra(π2−cos−1(1−π216)12−π4(1−π216)12)
(2)

The calculations were performed in Ansys Fluent, which uses an implicit finite volume format for the model. Since the simulation experiment fluid is set to be an incompressible gas, in the experiment it is only affected by the viscosity according to Eq. (1), so the density does not change. Its formula is as Eq. (3), and the mass, momentum and energy conservation solution equations are as follows:


∂ρ∂t+∇⋅(ru)=0
(3)

where ρ is the density, t is the time, and u is the velocity vector.


ρ∂u∂t+∇⋅(ρuu)=ρg+∇⋅τ+∇⋅(2μt(S−13δTρ))
(4)

where g is the gravitational acceleration, μtis the turbulent viscosity coefficient, S is the strain rate tensor, δ is the Kronecker symbol, Tρis the trace of S, and τ is the viscous stress tensor, the expression of the viscous stress tensor is as shown in Eq. (5).


τ=2μS+λ′Iδ
(5)

where μ is the dynamic viscosity, 
λ′is the second viscosity coefficient and I is the unit tensor.


∂(ρE)∂t+∇⋅(ρuE+q)=∇⋅(λ∇T)
(6)

where E is the total energy, q is the heat flux, λ is the thermal conductivity, T is the temperature.

The conservation equation is the Reynolds mean equation, the turbulent stress is modeled using the Boussinesq assumption, and the turbulent viscosity is assumed to be determined using a stochastic turbulence model [19,20].

In order to summarize the results of the numerical simulation, the torque is calculated using the integral of the tangential stress on the disc surface, which is in turn based on dynamic viscosity, eddy viscosity and velocity gradient. n is the system power in KW and the expression is as follows:


N=TqN9550
(7)

The turbine efficiency is calculated as follows:


η=TqωmCpT01[1−(PoutPin)γ−1γ]
(8)

where 
Tq
is the torque, 
m
is the mass flow rate, 
Cp
is the constant pressure specific heat capacity of air, 
T01
is the nozzle inlet temperature, when the temperature is 300 K, 
 Cp=1.005 KJ(Kg−K),γ=1.4
is the multivariate index.

3  Numerical Simulation Process

3.1 Tesla Turbine 3D Modeling

The model is divided into two parts, the stator and the rotor. The stator housing and the disk gap area are fixed without slippage, but the rotor disk and the bottom wall of the inter-disk gap in contact with the disk are rotated, and the area is set as a rotational degree of freedom dynamic grid area. The initial model shell diameter is 115 mm, a rectangular nozzle inlet is distributed circumferentially, the nozzle is tangential along the circumference at an angle of 15°, and the length is 30 mm. the internal disc outer diameter is 100 mm, the inter-disc gap is 1 mm, the disc thickness is 1 mm, the mass of the disc is 0.3537 kg, and the rotational inertia is 0.042 kg/m2. The discs are assembled coaxially and distributed circumferentially and side-by-side in the turbine inner measurement, as shown in Fig. 2:
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Figure 2: Tesla turbine (a) 3D model design; (b) Rotor disc model

The shape of the Tesla turbine is divided into two regions: the stator and the rotor. The rotor region is composed of five discs coaxially and arranged side by side, and the turbine as a whole is symmetrically distributed about the middle plane perpendicular to the rotation axis. The nozzle is located in the outer edge region of the turbine stator, and the fluid incidence direction is inclined at an angle of 15° from the circumferential tangential direction. In this paper, the mathematical model of the Tesla turbine rotor is modified to adapt it to the actual power generation system operation. The model is first validated by comparison with other literature models. The optimal choice of rotor geometry is then investigated by parametric analysis of the basic design parameters. The rotor efficiency depends on the structural parameters of the disc, especially the clearance and exit diameter, which largely determine the kinetic energy release during operation.

3.2 Grid Division

In order to obtain very reliable simulation results without increasing the computational cost and difficulty, it is necessary to find the optimal grid size for specific conditions and perform grid dependence tests. The actual results are predicted using the Richardson extrapolation method, and then the error is applied to that actual value and the element size is determined based on that error. The element size used is 1 × 10−3 m. The grid model is shown in Fig. 3.
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Figure 3: Turbine stator and rotor mesh division (a) stator; (b) rotor

Spaceclaim is a drawing and meshing software that comes with Ansys Workbench platform, whose main functions are 2D and 3D collection drawing, meshing and export, etc. All meshes are drawn using spaceclaim software in ANSYS.

The results of the grid-independence study are shown in Fig. 4, where the greater the sealing of the grid, the greater the output torque when the inlet flow is fixed. When the grid number reaches 1.6 million, the increase of grid number has no effect on the output torque. So the grid number in this paper is set to 1.6 million. n is the system power, and the magnitude of the power N can be used as an index to characterize the quality of the grid because it is calculated based on thermodynamic and kinematic parameters in KW, and the expression is as follows:
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Figure 4: Grid independence analysis of Tesla turbine model


N=TqN9550
(9)

The reference power is 
Nref
, which is obtained from the highest density mesh, for the mesh delineation details of the turbine, due to the principle of driving the turbine work is to use the boundary layer effect, the fluid flow state is more complex, the mesh in the turbine stator-rotor wall must ensure a high degree of accuracy, so it is necessary to create a boundary layer in the wall of the disk, the inlet nozzle, and the wall of the outlet hole, respectively, with the number of boundary layers is 3, and the transient computation iterative time step is 10−3 s.

3.3 Numerical Simulation Boundary Conditions

During turbine operation, laminar and turbulent flows coexist in the vortex disk, However, the laminar flow predominantly occurs within the fluid region between two disks, a turbulence model can be employed to approximate the calculation. For nozzle inlet pressure given as 2–6 bar, considering the boundary layer movement and pressure loss, all the stator and rotor surfaces of the turbine are set as fixed non-slip wall surfaces, and the wall surface of the rotor disc and the rotor shaft are given as rotating moving wall surfaces along the axial direction. As such, the disk region was configured as a dynamic grid featuring single degree of passive rotation. The heat transfer coefficient is 2 W/m2 K. The ambient temperature is set to 25°C, the turbulence intensity of the working medium is 5.0% and the turbulent dissipation rate is 10.0%.

For the working fluid, R245ca was finally selected as the organic circulating work fluid under comprehensive consideration. Since the work fluid library under FLuent software does not contain R245ca, the simulations in this paper are all calculated using the standard incompressible ideal gas model in the software. During pre-processing, the gas was redefined with various physical parameters such as R245ca.

The pressure-based solver was selected based on the solution results. A coupled scheme was adopted due to its suitability for simulating high-speed flowing fluids and solving multi-physical problems, such as flow and heat transfer simultaneously. Other parameters, such as the second-order upwind format of momentum, were kept at their default settings. The time step size was determined through numerous computational attempts, considering the balance between solving speed and accuracy.

The following Table 1 shows the initial ranges and values given by the boundary conditions:
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3.4 Determination of iNlet Flow Rate and Inlet Pressure

The established model was simulated numerically using the control variables method in sequence, given a rotor disc region with a dof rotational degree of freedom along the axial direction, a rotor mass of 0.3537 kg, and a rotational inertia of 0.0418 kg•m2, all of which can be obtained from Spaceclaim in Ansys. The disc wall was set as the dynamic grid area, and the relationship between disc speed and power and efficiency of the Tesla turbine was examined at different nozzle inlet initial pressures of 2–6 bar, and the data were collected several times, respectively, and the following results were obtained. The disc speed is converted by detecting the maximum linear velocity of the disc wall, and the power is calculated by Eq. (5) above. Fig. 5 shows the relationship between disc speed and turbine power at different inlet initial pressures.
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Figure 5: Relationship between disc speed and turbine power under different inlet pressures

As can be seen from Fig. 5, overall the inlet pressure has a certain degree of influence on the disc speed and turbine power, and the influence on the power is more obvious, and the power increases with the increase of the initial pressure. When the nozzle inlet pressure is 6 bar and the disc rotation speed is 14000 r/min, the highest power is obtained, which is about 95 W.

The power in the numerical study was calculated from the average power values at each time step of the transient simulation [21,22]. All features of the power curve are parabolic in shape and relatively flat, which indicates that the power does not vary much over a wide range of rotational speeds. Therefore, the effect on the turbine power is not significant when the speed is increased to a certain level, and the higher the speed, the higher the energy loss caused to the system and the lower the disc torque. Through the flow rate of 5, 10, 15, 20, 2, 30 m/s fluid in and out of the inlet and outlet pressures of 1 × 105 Pa to 1 × 107 Pa, respectively, the control variable analysis, the final inlet flow rate is set to 20 m/s, the fluid inlet and outlet pressures of 6 × 105 Pa.

4  Analysis of the Influence of Turbine Structure Parameters

4.1 Effect of Disk Thickness and Inter-Disk Gap on Turbine Efficiency

In order to study the effect of the Tesla turbine disc on its working efficiency, numerical simulation experiments were conducted using the single nozzle Tesla turbine model established in the previous section from the two perspectives of disc thickness as well as inter-disc clearance, with an inlet initial velocity of 10 m/s, an inlet pressure of 6 x 105 Pa and a working fluid of R245ca. Fig. 6 below shows the simulation results of efficiency (η) vs. disc spacing recording. The test data and its efficiency was calculated using the above empirical formula.
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Figure 6: Effect of different disc thickness and disc clearance on efficiency

It can be seen that the overall efficiency value is in the range of 15.6% to 47.8%, with a parabolic distribution, and the highest efficiency value of 47.8% occurs when the disc thickness is 1 mm and the clearance between discs is 1 mm. It is worth noting that the turbine efficiency does not increase linearly with the increase of the gap, so it can be concluded that the disc gap should neither be too large nor too small, and there is an optimal value within a certain range. If the disc spacing is too small, the fluid will not enter this space due to viscous forces. On the other hand, when the disc spacing is too large, the fluid loses adhesion and its kinetic energy is not well transferred to the rotor. Different disc spacing allows for different flow patterns, and in general, the efficiency parameter is strongly influenced by the velocity.

Also, the disc thickness should be taken within a certain range. When the disc thickness is 1 mm, the turbine efficiency on each inter-disc gap is higher than other disc thickness sizes. It can be inferred from this that if the thickness of the disc is too large, the air flow into the disc channel will be more difficult, so the pneumatic performance becomes poor. However, the disc thickness cannot be too small, mainly limited to its mechanical stress and processing problems. As the thickness of the disc decreases, the stiffness of the disc decreases rapidly, so the mechanical stress increases, which should be lower than the allowable stress of the material.

4.2 Effect of Nozzle on Turbine Efficiency

The nozzle is one of the most important components of the Tesla turbine, and changes in its number and structure are significant for the internal fluid flow conditions and rotor speed variations, thus affecting the efficiency of the whole turbine. Phenomena such as shock waves, over-expansion or over-compression are the main causes of nozzle efficiency degradation [19,20]. Fig. 7 below shows the working fluid velocity distribution profile of the Tesla turbine when the inlet initial velocity is 20 m/s, other parameters are the same, and the number of nozzles is 1, 2, and 4, respectively.
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Figure 7: Turbine internal velocity distribution profile with different number of nozzles (a) single nozzle; (b) double nozzle; (c) four nozzles

When other conditions remain the same, only change the number of Tesla turbine nozzles, the velocity distribution cloud shown above, the pressure distribution cloud shown in Fig. 8. From the nozzle inlet to the turbine outlet, the fluid flow velocity increases in the radial direction, but the pressure decreases in the radial direction. The effect of the axisymmetric distribution of the rotor on the turbine efficiency was verified by varying the number of nozzles, thus affecting the uniformity of the fluid injection and the inflow. The results show that as the number of nozzles increases from 1 to 4, the overall velocity-pressure distribution values show an increasing trend and the peak efficiency increases continuously, with the maximum value occurring at lower speeds.
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Figure 8: The relationship between disc rotation speed and power under different number of nozzles

In order to study the effect of the number of nozzles on the power generation efficiency of Tesla turbine, the turbine with the number of nozzles 1, 2 and 4 was tested with the inlet speed of 20 m/s, inlet pressure of 6 × 105 Pa and other variables kept consistent, and Figs. 8 and 9 show the relationship between disc speed and power and efficiency for different number of nozzles obtained after the experiment, respectively.
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Figure 9: Relationship between disc speed and efficiency for different number of nozzles

It was found that the system power all increased to some extent with the increase of the number of nozzles, and in general with the increase of the number of nozzles. When the disc speed is 10000 r/min, the four-nozzle Tesla turbine can produce 125.7 W of power. But the efficiency of the work only in the low speed range has a large increase, and its efficiency gradually decreases at higher speeds. The more nozzles there are, the greater the loss at the nozzle. The four-nozzle turbine can achieve 66.4% efficiency at a speed of 8000 r/min. In addition, readers may be interested in what happens with more than 4 nozzles. For relevant research on more than four nozzles, you can find it at “https://pubs.aip.org/aip/pof/article/29/9/9/093604/966735/The-fluid-dynamics-of-symmetry-and-momentum” [23].

Therefore, in the low rpm range, the mechanical efficiency of the Tesla turbine decreases as the number of nozzles increases. In the high speed range, the mechanical efficiency of the Tesla turbine increases with the increase in the number of nozzles. The reason for this analysis is that in the high speed range, part of the flow rate is less than the disc speed, thus creating a resistance that gradually reduces the mechanical efficiency. However, more nozzles lead to a higher flow rate, which slows down the velocity difference between the fluid and the disc and can prevent the mechanical efficiency of the Tesla turbine from decreasing. Therefore, while increasing the number of turbine nozzles, the disc speed should be controlled within the appropriate range so that the flow rate and losses generated by it can be balanced and thus the efficiency can be improved to a certain extent.

5  Conclusion

The external environmental impact analysis and the internal mechanical structure parameter optimization, as well as the output performance simulation study, were conducted on the turbine, the key component of the thermal power conversion in the medium and low-temperature waste heat recovery system, and the Tesla turbine was applied as the turbine expander in this ORC waste heat recovery system to achieve the power and efficiency of the whole device under the given conditions. The power and efficiency of the whole unit are improved under the given conditions. The design optimization of the internal structural parameters of the Tesla turbine was carried out through 3D modeling by Solidworks and numerical simulation by Ansys workbench, and the main work contents and results are as follows:

(1) A three-dimensional model of the Tesla turbine was designed for the ORC waste heat recovery system, and the working principle of the Tesla turbine, and its structural parameters were optimized. Then, the established 3D model was meshed and pre-processed by numerical simulation software Ansys, and the optimized model was verified by the simulation results, which showed that the fluid flow state and velocity-pressure distribution inside the Tesla turbine were relatively uniform and the overall performance was good. The simulation results were compared to verify the rationality and correctness of the model design.

(2) Combined with the mathematical model calculation method and Ansys Fluent numerical simulation, the internal structural parameters affecting the efficiency of the Tesla turbine were analyzed in turn, and several parts and parameters that have a great influence on the efficiency of the turbine were selected. A detailed study was conducted to analyze the effects and causes of each internal parameter variable. The single variable is investigated using the control variables method, and the values of each internal structure parameter are obtained for optimal turbine efficiency by combining mathematical models and Fluent software simulation validation.

In this paper, the Tesla turbine is introduced into the ORC waste heat recovery system to replace the conventional vane-type expander for power generation, and its external operating environment, as well as internal structural parameters, are designed and optimized, resulting in a maximum efficiency of 66.4% with 4 nozzles, 1 mm disk thickness and 1 mm inter-disk gap, resulting in an average 0.3% increase in output power as well as efficiency.
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Table 1: Numerical simulation boundary conditions
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