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Abstract

:

An investigation on a flywheel is presented based on finite element modelling simulations for different geometries. The goal was to optimise the energy density (rotational energy-to-mass ratio) and, at the same time, the rotational energy of a flywheel rotor. The stress behaviour of flywheel rotors under the rotational speed at the maximum stress achievable by the flywheel was analysed. Under this condition, the energy density was obtained for the different geometries, as well as the rotational energy. The best energy density performance due to geometry was achieved with a flywheel rotor presenting a new Gaussian section, which is different from the known Laval disk shape. The best results using a single disk involved a rotational speed of nearly 279,000 rpm and a rotational energy density around 1584 kJ/kg (440 Wh/kg). These values still yielded low total energy; to increase its value, two or three rotors were added to the flywheel, which were analysed in regard to stability. In particular, the triple rotor energy density was ≈ 1550 kJ/kg (431 Wh/kg). As some instability was found in these rotors, a solution using reinforcement was developed to avoid such instabilities. The energy density of such a reinforced double rotor neared 1451 kJ/kg (403 Wh/kg), and the system achieved higher total energy. The material assumed for the devices was carbon fibre Hexcel UHM 12,000, a material kept constant throughout the simulations to allow comparison among the different geometries.
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1. Introduction


Energy storage technologies are based on storing electrical, chemical, and mechanical energy for later use as electricity [1]. Among them, flywheels are electromechanical storage systems based on their rotor rotational kinetic energy. They are characterized by fast charging and discharging, high energy density, no environmental pollution, a large range of operating temperatures, and almost unlimited charging and discharging cycles [1,2]. A flywheel electromechanical system includes several components in addition to the rotor or disk such as a motor/generator, power electronic converter, controller, and connection to the power grid [3]. The successive inclusion of these components characterizes what is today called flywheel energy storage systems (FESS). The first generation of flywheel battery systems added circuit rectifiers and frequency inverters, the second generation included AC generators, and the third generation finally included connection to the power grid configuring the currently known FESS [4,5]. Hence, when there is an excess of electrical energy in the electrical grid, FESS stores it by accelerating the rotor using an electrical machine operating as a motor. When there is a demand for energy on the electrical grid, the electrical machine operates as a generator, slows down the rotor, and supplies electrical energy to the grid [4,5,6]. In this work, we focused on increasing the storage capacity of flywheel rotors.



The diversity of components allows FESS to evolve through improvements in their components and also in the way they are arranged in the system or their architecture. Component improvements include magnetic bearings, better electronics, improved vacuum systems, and different classes of motors and generators in addition to improving the energy storage capacity of rotors utilizing stronger materials and different rotor designs [5,6,7,8,9,10,11]. Improvements in terms of architecture generally include design tradeoffs among components [12] aiming at greater safety, the increase in energy storage capacity, the expansion of the range of applications, and the reduction in costs [13,14,15].



In general terms, the applications for FESS include providing several quality services such as regulating energy supply and demand, stability, energy quality, power smoothing, frequency regulation, warrant uninterrupted power supply, and more flexible AC transmission systems (FACTS). They are often used to store short-term energy in grid applications [6]. A plurality of flywheels allows for high power and energy storage to meet a variety of applications [12]. Due to being able to provide such varied quality services for electrical grids, flywheels are incorporated into many stationary and mobile terrestrial, marine, and space applications and are integrated into different renewable energy sources aiming at taking advantage of several of the quality services mentioned in this paragraph [16,17].



Whether they are the the application requirement for a stand-alone FESS or an array of a plurality of FESS, the characteristics of the application environment impose requirements on the FESS such as storage capacity, available free space to accommodate the flywheel system, and weight. The dominant indicators for the various solutions are high energy density (kJ/kg) and total stored energy (kJ) [18,19,20,21]. Rupp et al. [18] studied the use of flywheels in light rail transit. The energy savings were substantial. For high energy densities (10.4 kJ), gains of 31% were obtained, while for low energy densities (4.3 kJ), gains reached 11%.



Sun et al. [19] studied electric vehicles, hybrid energy systems with lithium batteries, and electromechanical flywheels. Energy recovery is greater in urban areas due to constant braking occurring in traffic and lower on highways. An alternative for modern cities is the use of hybrid electric cars with regenerative braking and hybrid systems with flywheels with higher energy storage capacity [20].



Cronk et al. [21] studied a dual pneumatic and electromechanical system for storing more energy. The system included a rotating piston, which stored kinetic and pneumatic energy. Okou et al. [17] used flywheel and lead acid batteries for rural solar energy applications, and there was a cost saving of 37% per kWh for rural applications. Some recent work has focused on the indicator of high energy density [22]. Kale et al. [6] proposed a geometry of disks with circular sections to reduce tensile stress in the material and increase rotation speed and, consequently, energy density. Okou et al. [17] used flywheel rotors with different rotor shapes such as Borat, Berger, and Stodola [22], seeking to obtain greater energy densities. The flywheel was manufactured from epoxy resin and available fibres from sub-Saharan Africa. Ertz et al. [23] studied micro-flywheels with a diameter between 0.3 and 3.7 cm using disk and ring shapes. While for certain materials with high yield strength (carbon nanotubes) they obtained energy densities around 9700 kJ/kg, they obtained total energy content below 9 kJ for disks with ~3.5 cm and rings with 1.5 cm.



In short, regarding the flywheel rotor, we observed the constant goal of achieving higher energy densities [2,22,23,24,25,26]. Flywheels store rotational kinetic energy while their rotors or disks inertially spin. The maximum rotational speed depends on the mechanical properties of the material (tensile strength [27]) and its shape. The rotor shape that best supports higher rotational speeds is a Gaussian disk based on the Stodola proposal with thin terminations [2,22]. However, these rotors have small masses, a much lower moment of inertia, and, consequently, low energy storage capacity [1,2,22,23]. Hence, one should pay attention to energy density, energy storage capacity, and the characteristics of the application in order to define the best choice of flywheel for a given system. The author have previous experience working with finite elements methods [28] and with flywheels [29].



A flywheel can have its rotational energy density estimated by [2]:


    E   M   = K   σ   ρ    



(1)







Here, E is the stored rotational energy, M is the flywheel’s mass, K is the flywheel’s shape coefficient,   ρ   is the material’s specific mass, and   σ   is its tensile strength. K is a coefficient that depends on the shape. For a solid disk, K equals 0.606. For a thin ring, K is equal to 0.5. For a Laval disk, K is equal to 1.0.



The thickness (t) of the Laval disk is defined by [22]


  t =   t   0     e   −   ρ   ω   2     r   2     2 σ      



(2)




where t0 is the thickness of the disk when the distance from the rotation axis (the radius r) is equal to zero. The Laval disk displays an infinite radius when its thickness tends to zero. A practical shape is the so-called real Laval disk, in which the disk diameter cannot tend to infinity because it is truncated, making the value of K vary from 0.7 to 0.9.



In this work, we studied alternatives to increase the energy storage capacity of flywheels, pondering different geometric conditions such as the axis diameter, slope for the top and bottom surfaces of the rotor disk, varying slope as a function of the radius of the rotor disk, and different forms to assemble rotor disks in flywheels. We took into consideration two performance indicators to evaluate the flywheels: storage energy and storage energy density. A plurality of flywheels was investigated with the aid of finite element modelling using SOLIDWORKS 2016 [30]. Based on these indicators, it was possible to identify the appropriate flywheel type for different applications according to the number of units, rotor weight, and energy storage capacity.



The second section describes the methods used during the simulations, showing the preliminary results. In the third section, the results for maximum rotational speed and the von Mises stress distribution for single rotors are presented. In the fourth section, the results for maximum rotational speed and the von Mises stress distribution for double and triple rotors are presented. In the fifth section, the simulations about stability using vibrational modes are presented and a solution for a stability problem as the results for double and triple rotors reinforced flywheels is presented. The sixth section presents the conclusions and future work.




2. Material and Methods


The flywheel rotor kinetic energy is given by


  E =   J   ω     2     2    



(3)




where J is the moment of inertia of the rotor, which depends on geometry as well as on the material mass, and ω is its angular velocity (rotation speed). For each geometry, the mechanical behaviour of the rotor was analysed in terms of tensile strength as a function of its maximum rotation speed and, consequently, its ability to accumulate energy. The analysis approach devised two goals: (a) to eliminate localized stress through specific rotor designs changes, usually rounding surfaces at the connection between the rotor and the shaft, and (b) to distribute the tension over the whole body of the rotor/shaft system. In both cases, the goal was to allow higher rotation speed to increase the energy density expressed as the ratio between maximum achieved energy and the mass of the system expressed in (kJ/kg).



We analysed 22 different flywheel rotor models with cylindrical and disk shapes, as described in Table 1. Figure 1 identifies the main flywheel parameters studied in the different models.



Table 2 presents geometric and mass data for all models considered and their general configuration. The rotors are basically massive cylindrical bodies except for the case of Gaussian rotors, which have a disk shape. The material of all rotor models is Hexcel UHM Carbon Fibre 12000 with a von Mises tensile strength of 3730 MPa and specific mass of 1870 kg/m3 [13]. The parameters of the Gaussian shape rotors are like those defined by Stodola [19] for disk rotors with uniform stress.



To obtain the rotor von Mises stress under rotation, we used the software SolidWorks Simulation 2016 and SolidWorks Motion based on the finite element method [16]. The allowable maximum rotation speed that defines the maximum rotor energy storage capability is the one associated with the maximum von Mises stress present in the rotor material just below failure [16]. The characteristics of the finite element method simulation with the SolidWorks software are static analysis, solid type of meshing, thermal effect activated, centrifugal load type, and bearing connector support type.




3. Results and Discussion for a Flywheel Single Rotor


We divided the analysis for increasing the storage energy capacity of flywheels as described in Table 1. In the first part, the analyses included (1) a means to reduce localized stresses, (2) an assessment of the impact of the shaft diameter, (3) an assessment of the impact of the slope angle on the top and bottom rotor surfaces, (4) an assessment of the impact of varying slope on the top and bottom rotor surfaces, and (5) an assessment of Gaussian rotors. In the second part, we analysed alternative designs to increase the storage energy capacity of Gaussian rotors. All stress analyses were performed as described in Section 2.



Table 3 summarizes the results for models A to R, presenting the maximum rotation achieved, system mass, stored energy, and energy density. The maximum rotation speed caused maximum stress just below that of the material (3739 MPa). In what follows, we present the results of stress distribution for each model and discuss the impact of different geometric design changes on the energy storage capacity of flywheels.



3.1. Means to Reduce Localized Stresses—Models A and B


Models A and B are similar but with a rounding surface added to Model B at the shaft/rotor connection for decreasing localized stresses. Figure 2 shows the stress distribution of both models.



The increment in rotational speed expected by introducing a circular connection between the disk and the shaft (a radius) was not achieved. This procedure appeared to distribute the stress over the rotor body but did not reduce localized stresses. The energy storage capacity of model A was superior to that of model B, as shown in Table 3.




3.2. Impact of Shaft Diameter—Models C, D, and E


Models C, D, and E had similar dimensions except for those of the shaft radius, which were 30 mm, 50 mm, and 60 mm, respectively, as shown in Table 2. Figure 3 presents the stress distribution obtained for the condition just below the limit of the material.



Analysing Figure 3, one sees that, in model D, the stress distribution was increased in the central part of the rotor body. The results for these models, in Table 3, showed that model D produced the highest rotation speed, stored energy, and energy density. It stored more energy than Model E, which had a greater shaft radius. It shows that there was an optimal shaft radius for storing energy, which depends on the shaft/rotor system dimensions.




3.3. Impact of the Slope Angle on Top and Bottom Rotor Surfaces—Models F, G, H, I, J, and K


Models F to K had similar dimensions except for the slope angles on the top and bottom rotor surfaces, which varied from 20 to 45 degrees, as shown in Table 2. Figure 4 presents the stress distribution obtained for the condition just below the limit of the material.



Regarding stress distribution over the shaft/rotor system, one notices that Model H presented higher stress values in its central part compared to the other models in Figure 4. It seems that there was a favourable slope angle regarding stress distribution over the system around 30 degrees. This tendency is confirmed when we observe the results regarding rotation speed, stored energy, and energy density in Table 3. Model H presented the highest values for all these variables and had less system mass than models I, J, and K.




3.4. Impact of Varying Slope on Top and Bottom Rotor Surfaces—Models M, N, O, P, and Q


It was observed in the previous section that the slope was important for determining the maximum energy storage capacity of flywheels. In this section, we investigate varying slopes as a function of the rotor radius as described in Table 1 and Table 2, and Appendix A. Figure 5 presents the stress distribution for models M to Q, with M, N, and O models having different designs with two slopes, model P having five different slopes, and model Q having a continuously varying slope.



Analysing models M, N, and O, we observed that the intervention in the basic rotor to allow two slopes varied their mass. The mass of the model increased from model M to model O. The maximum rotation, the stored energy, and so the energy density increased in the same direction. The start of the slope on model M happened at a height of 209.64 mm, in model N it happened at 232.64 mm, and it started on model O at 255.66 mm.



As the characteristics increased towards a more homogeneous curve, model P was designed with five slopes, as can be seen in Table 2. That shape decreased the mass and increased maximum rotation, stored energy, and energy density. It also increased the von Mises stress distribution, implying that a better shape will be the one with a constant von Mises stress.



Following the sequence of changes in the geometry, one concludes that the best outcome results from the geometry that makes the stress become more homogeneous in the rotor. It seems reasonable that the best result will be reached if the whole section of the rotor experiences maximum stress. As the authors intended to use a shape that allows the presence of bearings at both ends of the flywheel axle, the idea of using a similar shape for the Laval disks appeared. Then, a similar shape was tested, with the formula for the radius (R) given by:


  R =   R   0     e   −   ρ   ω   2     r   2     2 σ      



(4)




where, as before, the mass density is ρ, the rotational velocity is ω, the tensile strength of the material is σ, and, now, with R0 being the radius at the centre of the thickness (t). This problem is solved by a rotor with a Gaussian shape, such as the one seen in Figure 6 in model R.



For model R, the value found for K (the shape coefficient) was 0.7, in the range of the real Laval flywheel disks. The model seemed to be similar to the real Laval disks since there was room for improvement, which confirmed the shape choice. The next step, then, was to increase the energy density, adding some mass to the disk’s edge.



Table 3 displays the results for the simulations. The new R model (Figure 6) shows the best results for rotation and energy density, since both the total energy and the mass depend on the flywheel size.




3.5. Adding Mass to the Rotor’s Edge


The next step to enhance the energy density in the rotor was to add some mass to the rotor. As can be seen in Figure 6, the von Mises stress at the rotor’s edge was low because there was almost no mass on the very edge to create significant centrifugal force. Therefore, adding mass to the extremities was expected to generate more force. In Figure 7, the new design is presented, with mass added to the rotor’s edge and the masses having a diamond cross section; the model will be named after the dimensions of this diamond cross section. Table 4 shows the results.





4. Double and Triple Flywheel Rotors


Flywheel rotors’ masses are small, yielding an equally small total stored energy. In order to increase this energy storage, the model was modified to include three or two rotors, Gaussian in shape. In Figure 8, the flywheel has a double Gaussian rotor; in Figure 9, the flywheel has a triple Gaussian rotor. Table 5 displays an example of total energy, maximum rotation, total mass, and energy density for such a rotor that is triple Gaussian.




5. Vibration Modes’ Analyses for Stability


For rotors at very high rotational speeds, stability is of great concern. The spinning rotor experiences shape changes that originate torques, which, in turn, could excite the rotor vibrational normal modes. In the case of resonance, the vibration could damage the rotor and the flywheel.



In order to avoid this problem, the flywheels’ normal modes were simulated to determine their frequencies. Figure 10 shows an example that is characterised by the masses added to the edges of the Gaussian rotor, which vibrate up and down in the system’s axial direction and whose first normal mode is around 0.086 Hz. This mode is very inconvenient because all of the harmonics of this frequency are expected to resonate with this rotation torque. The masses at the edges do not allow a satisfactory increase in energy density. Consequently, they were withdrawn from this flywheel and all remaining flywheel rotors were then formed solely by the Gaussian-shaped ring. In Figure 11, the vibration mode of a double rotor can be seen with Gaussian disks only, and no vibration is present.



For the triple and double flywheel rotors, the normal modes were determined using simulations. The vibrational frequencies and the respective harmonics were avoided with the aid of the flywheel control system present in the electromechanical battery. This operation was achievable because there were few such modes in the working range of the flywheel. Figure 12 and Figure 13 show the results. The first normal mode of the double rotor had 1151 Hz, while a single rotor had this frequency at 3341 Hz. In both cases, normal modes existed in the operational range up to 4000 Hz.



The instability of the double rotor flywheel was avoided by adding a reinforcement to the connection between the two disks (Figure 14). The frequency of the first normal mode was calculated as 2500 Hz. By making the bearing axes shorter, it is possible to increase this frequency. However, this was not chosen in the simulation because the used length was necessary to allow the running of the simulation. Improvement is also possible by widening the reinforcement. Figure 15 shows such a reinforced double rotor, which presents 403 Wh/kg or 1.45 MJ/kg for the energy density. There is room for improvement because the maximum von Mises stress point was on the surface of the shaft’s Gaussian curve.



Figure 16 shows the same simulation for the reinforced triple rotor, which presents the same value of 403 Wh/kg or 1.45 MJ/kg; Table 6 shows the values. There is room for improvement because the maximum von Mises stress point was on the surface of the support axis.




6. Conclusions and Future Work


A case study involving 18 flywheel rotors’ geometries was presented, with the determination of the energy density at maximum rotational speed with the aid of finite element modelling. The rotors were composed of carbon fibre Hexcel UHM 12000, and the following parameters were calculated: total stored energy, maximum rotational speed, energy density, and total mass. The von Mises stress was analysed in all models, for which the critical stress points were found. The extensive number of simulations allowed the authors to understand the simulation better.



This work uses a different shape to optimise the energy density, as given by Equation (4), compared to the other one in Equation (2). The difference between them is the presence of either the radius or the thickness in the exponential term, respectively. In a comparison with a real Laval disk, the results are compatible.



In regard to the total stored rotational energy, the highest value of 8381 kJ (2328 Wh) was found for model L. However, as this model presented a relatively large mass (10.731 kg), its energy density was low (781 kJ or 216.97 Wh/kg), in fact lower than the majority of the models investigated.



The model R had a rotor that was Gaussian-shaped and presented the highest specific energy for a single-rotor model (1393 kJ or 387 Wh/kg), as well as the largest rotational speed (279,180 rpm).



The triple rotor reached an energy density of 1552 kJ (431 Wh/kg), which gave a value for K of about 0.78. This value was within the range of K for the real Laval flywheel rotors. There are more resistant carbon fibres available on the market, but this work kept it constant to allow for comparisons.



This result shows that the choice of the geometry could increase the energy density of the flywheel, which is in agreement with the literature.



Analysing Equation (2), the perfect shape has a K equal to 1, which makes the von Mises stress reach its maximum in all volumes of the flywheel rotor. The Laval rotor can reach it, but this geometry is not real as its diameter goes to infinity when the thickness tends to 0. In order to avoid this problem, a cutoff is made at some diameter, which makes K vary from 0.7 to 0.9. Coincidentally, the best value for K found in this work was in this interval.



There is room for improvement as some parts of the rotors were not in the von Mises limit, but these regions were needed to run the simulation. One element of the future works is to try to run the simulation in a different way to eliminate this excess mass. Also, it is necessary to make some changes in the design of the reinforced triple rotor, as maximum von Mises stress is located in the shaft close to the bearings. Several changes were made but they were not successful in moving the location of this maximum stress.



It is worth emphasising that this work included the regions of the flywheel rotor needed to mount the bearing system in the same structure of the rotating disk, while the Laval disks would need to incorporate those.



Instability under rotation was also analysed. Possible instabilities were found due to normal rotational modes at the operational frequencies. These modes must be avoided in the operation of the flywheel, a process that can be implemented easily by a control system for the flywheel, capable of accelerating or decelerating the device as it passes through these frequencies. As these devices can work in pairs, one rotating in a clockwise direction and the other rotating in a counterclockwise direction (cancelling the total angular momentum), the control system can redirect energy from one flywheel to the other. This can be performed easily with the single rotor flywheel, as it has only one instability mode in the operational frequency range. The same does not happen with the double and triple rotors.



The triple and double rotors may have instability issues reduced through the adoption of a reinforcement tube to connect the Gaussian disks, one that does not degrade significantly the specific rotational energy. For instance, the reinforced double rotor presented an energy density of 1451 kJ (403 Wh/kg), which can also be enhanced.



A next step is to make the same procedure to increase the total energy but this time using Laval disks mounted in parallel.



The results of this work are references for future investigations on the next steps for manufacturing an actual flywheel, especially if they are made of CNT, which are made of very expensive materials. If these materials have enough resistance, the stored energy density can reach the same values of common liquid fuels, such as gasoline (taking into account their efficiencies).



In the case of carbon nanotubes, they could not be used because they could not be fabricated in long enough dimensions. The natural solution could be to use CNT in the form of laminates, such as carbon fibres. Another option is to wait for the development of better carbon fibres as their resistance is improving with time.



The next step of this work is to simulate the resistance of these flywheel rotors made of laminated CNT aligned in the radial direction, the direction where the stresses are higher.
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Appendix A


The list of first simulations involves bodies that are solid and cylindrical, generally displaying 200 mm of external diameter, approximately 100 mm in height. In Figure A1, Figure A2 and Figure A3. The models are indicated by letters as follows.



	
Model A:






Solid, cylindrical, carbon fibre body with an external diameter of 200 mm, a height of 120 mm from the centre of the cylinder to a radius of 15 mm (shaft configuration), and a height of 100 mm from a radius of 15 mm to an external diameter of 200 mm (disk shaping). The model presents longitudinal and transverse symmetries (Figure 3). This model showed that the stresses increase towards the radius outside the axis, reaching the critical point where the axis meets the disk surface (Figure 3). The concentration of stress in this section constrained the investigation to a maximum value of rotation of 162,180 rpm.



	
Model B:






Solid, cylindrical, carbon fibre body with an external diameter of 200 mm, a height of 120 mm from the centre of the cylinder to a radius of 15 mm (shaft configuration). A height of 100 mm from this radius to the external diameter of 200 mm, with the introduction of a radius in the connection between the shaft and the disk (shaft shaping). External diameter height of 100 mm. The purpose of introducing this radius was to alleviate the concentration of stresses arising where the axis meets the surface of the disk observed in Model A. The model presents longitudinal and transverse symmetries (Figure 3). This model showed the stresses increasing towards the radius external to the axis more homogeneously, until they reached the critical point where the radius met the axis (Figure 3). The increment in rotational speed expected by introducing the radius was not achieved because the stress concentration in this section constrained the investigation to a maximum value of rotation of 153,380 rpm.



	
Model C:






Solid, cylindrical, carbon fibre body with an external diameter of 200 mm, a height of 270 mm from the centre of the cylinder to a radius of 15 mm (shaft shape), and a height of 198.15 mm from this radius, forming an angle of 30° perpendicular to the axis, up to an external diameter of 200 mm (disk shape); external diameter height of 100 mm. The model presents longitudinal and transversal symmetries (Figure 3). This model presented tensions distributed homogeneously throughout its body with an accumulation of these tensions near the intersection between the axis and the disk surface (Figure 3). The concentration of stress in this section constrained the investigation to a maximum value of speed of 166,580 rpm.



	
Model D:






Solid, cylindrical, carbon fibre body with an external diameter of 200 mm, a height of 270 mm from the centre of the cylinder to a radius of 25 mm (shaft shape), and a height of 186.60 mm from this radius, forming an angle of 30° perpendicular to the axis, up to an external diameter of 200 mm (disk shape); external diameter height of 100 mm. The model presents longitudinal and transversal symmetries (Figure 3). This model presented tensions distributed homogeneously throughout its body with an accumulation of these tensions near the intersection between the axis and the disk surface (Figure 3). The concentration of stress in this section constrained the investigation to a maximum value of rotation of 192,340 rpm.



	
Model E:






Solid, cylindrical, carbon fibre body with an external diameter of 200 mm, a height of 270 mm from the centre of the cylinder to a radius of 30 mm (shaft shape), and a height of 180.82 mm from this radius, forming an angle of 30° perpendicular to the axis, up to an external diameter of 200 mm (disk shape); external diameter height of 100 mm. The model presents longitudinal and transversal symmetries (Figure 3). This model presented tensions distributed as in the previous model: homogeneous throughout its body, with an accumulation of these tensions near the intersection between the axis and the disk surface (Figure 3). The concentration of stress in this section constrained the investigation to a maximum value of rotation of 185,520 rpm.



	
Model F:






Solid, cylindrical, carbon fibre body with an external diameter of 200.00 mm, a height of 300.00 mm from the centre of the cylinder to a radius of 25.00 mm (shaft shape), and a height of 154.60 mm from this radius, forming an angle of 20° perpendicular to the axis, up to an external diameter of 200 mm (disk shape); external diameter height of 100 mm. The model presents longitudinal and transversal symmetry (Figure 4). This model presented the tensions distributed homogeneously in the central part of the body and a slight tendency to grow towards the centre. The lowest stresses were found near the axis, both above and below the area where the axis intersects the disk surface, which is a region where an accumulation of stresses occurs (Figure 4). The concentration of stress in this section constrained the investigation to a maximum value of rotation of 187,150 rpm.



	
Model G:






Solid, cylindrical, carbon fibre body with an external diameter of 200 mm, a height of 300 mm from the centre of the cylinder to a radius of 25 mm (shaft shape), and a height of 169.94 mm from this radius, forming an angle of 25° perpendicular to the axis, up to an external diameter of 200 mm (disk shape); external diameter height of 100.00 mm. The model presents longitudinal and transversal symmetries (Figure 4). This model presented stresses distributed as in the previous model, with an accumulation of these stresses near the intersection between the axis and the disk surface (Figure 4). The concentration of stress in this section constrained the investigation to a maximum value of rotation of 191,980 rpm.



	
Model H:






Solid, cylindrical, carbon fibre body with an external diameter of 200 mm, a height of 300 mm from the centre of the cylinder to a radius of 25 mm (shaft shape), and a height of 186.60 mm from this radius, forming an angle of 30° perpendicular to the axis, up to an external diameter of 200 mm (disk shape); external diameter height of 100 mm. The model presents longitudinal and transversal symmetries (Figure 4). This model presented stresses distributed as in the previous model, with an accumulation of these stresses near the intersection between the axis and the disk surface (Figure 4). The concentration of stress in this section constrained the investigation to a maximum value of rotation of 194,330 rpm.



	
Model I:






Solid, cylindrical, carbon fibre body with an external diameter of 200.00 mm, a height of 300 mm from the centre of the cylinder to a radius of 25.00 (shaft shape), and a height of 205.04 mm from this radius, forming an angle of 35° perpendicular to the axis, up to an external diameter of 200 mm (disk shape); external diameter height of 100 mm. The model presents longitudinal and transversal symmetries (Figure 4). This model presented stresses distributed as in the previous model, with an accumulation of these stresses near the intersection between the axis and the disk surface (Figure 4). The concentration of stress in this section constrained the investigation to a maximum value of rotation of 185,070 rpm.



	
Model J:






Solid, cylindrical, carbon fibre body with an external diameter of 200 mm, a height of 300 mm from the centre of the cylinder to a radius of 25 mm (shaft shape), and a height of 225.86 mm from this radius, forming an angle of 40° perpendicular to the axis, up to an external diameter of 200 mm (disk shape); external diameter height of 100 mm. The model presents longitudinal and transversal symmetries (Figure 4). This model presented stresses distributed as in the previous model, with an accumulation of these stresses near the intersection between the axis and the disk surface (Figure 4). The concentration of stress in this section constrained the investigation to a maximum value of rotation of 185,700 rpm.



	
Model K:






Solid, cylindrical, carbon fibre body with an external diameter of 200 mm, a height of 300 mm from the centre of the cylinder to a radius of 25 mm (shaft shape), and a height of 250 mm from this radius, forming an angle of 45° perpendicular to the axis, up to an external diameter of 200.00 mm (disk shape); external diameter height of 100 mm. The model presents longitudinal and transversal symmetries (Figure 5). This model presented stresses distributed as in the previous model, with an accumulation of these stresses near the intersection between the axis and the disk surface (Figure 5). The concentration of stress in this section constrained the investigation to a maximum value of rotation of 182,130 rpm.



	
Model M:






Solid, cylindrical, carbon fibre body with an external diameter of 200 mm, a height of 300 mm from the centre of the cylinder to a radius of 25 mm (shaft shape), and a height of 209.64 mm from this radius, forming an angle of 60° perpendicular to the axis, up to a height of 175 mm (this point must be 10 mm perpendicular to the line of extension of the projection of the axis surface). From this height, forming an angle of 30° perpendicular to the axis up to the external diameter of 200 mm (disk shape). External diameter height of 100 mm. The model presents longitudinal and transversal symmetries (Figure 5). This model presented the tensions distributed homogeneously in the central part of the body and a slight tendency to grow towards the centre. Lower stresses were found along the axis, both above and below the area where the axis intersects the surface of the disk, a region where the accumulation of stresses occurs (Figure 5). The concentration of stress in this section constrained the investigation to a maximum value of rotation of 162,920 rpm.



	
Model N:






Solid, cylindrical, carbon fibre body with an external diameter of 200 mm, a height of 300 mm from the centre of the cylinder to a radius of 25 mm (shaft shape), and a height of 232.74 mm from this radius. An angle of 60° is formed perpendicular to the axis, up to a height of 163.46 mm (this point must be 20 perpendicular to the line of extension of the projection of the axis surface). From this height, forming an angle of 30° perpendicular to the axis up to the external diameter of 200 mm (disk shape). External diameter height of 100 mm. The model presents longitudinal and transversal symmetries. This model presented stresses distributed as in the previous model, with an accumulation of these stresses near the intersection between the axis and the disk surface (Figure 5). The concentration of stress in this section constrained the investigation to a maximum value of rotation of 175,880 rpm.



	
Model O:






Solid, cylindrical, carbon fibre body with an external diameter of 200 mm, a height of 300 mm from the centre of the cylinder to a radius of 25 mm (shaft shape), and a height of 255.66 mm from this radius, forming an angle of 60° perpendicular to the axis, up to a height of 151.74 mm (this point must be 30 mm perpendicular to the line of extension of the projection of the axis surface). From this height, forming an angle of 30° perpendicular to the axis up to the external diameter of 200 mm (disk shape). External diameter height of 100 mm. The model presents longitudinal and transversal symmetries. This model presented stresses distributed as in the previous model, with an accumulation of these stresses near the intersection between the axis and the disk surface (Figure 5). The concentration of stress in this section constrained the investigation to a maximum value of rotation of 189,900 rpm.



	
Model P:






Solid, cylindrical, carbon fibre body with an external diameter of 200 mm, a height of 400 mm from the centre of the cylinder to a radius of 25 mm (shaft shape), and a height of 266.22 mm from this radius, forming an angle of 70° parallel to the axis, up to a height of 180.22 mm (this point must be 15 mm perpendicular to the line of extension of the projection of the axis surface). From that height, forming an angle of 60° perpendicular to the axis up to a height of 128.26 mm (this point must be 30 mm perpendicular to the line of extension of the projection of the axis surface). From that height, forming an angle of 50° perpendicular to the axis up to a height of 92.5 mm (this point must be 45 mm perpendicular to the line of extension of the projection of the axis surface). From that height, forming an angle of 40° perpendicular to the axis up to a height of 67.32 mm (this point must be 60 mm perpendicular to the line of extension of the projection of the axis surface). From that height, forming an angle of 30° perpendicular to the axis up to the external diameter of 200 mm (disk conformation). Height of the external diameter, 100 mm. This model presents longitudinal and transverse symmetries (Figure 6). It also presented a homogeneous distribution of intermediate tensions throughout the body with their growth moving in the direction of the central region. Lower stresses were found at the ends of the axis as well as between the centre and the area where the model surface intersects the axis, a region where stress accumulation occurs (Figure 6). The concentration of stress in this section constrained the investigation to a maximum value of rotation of 195,440 rpm.



	
Model Q:






Solid, cylindrical, carbon fibre body with an external diameter of 200 mm, a height of 400 mm from the centre of the cylinder to a radius of 25 mm (shaft shape), and a height of 170 mm from this radius. An arc is formed, with a radius 35 mm, with a centre equidistant from the symmetry axes (horizontal and vertical) of the model, tangential to the axis and the surface of the model (conformation of the disk). External diameter height of 100 mm. The model presents longitudinal and transversal symmetries (Figure 6). This model presented a stress distribution similar to the previous one, displaying a greater increase towards the smaller-volume region at the centre. An accumulation of stress was observed where the axis intersects the surface of the model (Figure 6). The concentration of stress in this section constrained the investigation to a maximum value of rotation of 204,820 rpm.



The Q model performed better, displaying higher rotation speed as well as higher energy density. It thus indicated that, to enhance the energy density, the model had to present a distribution in tensile stress as uniform as possible. Consequently, a model with 180 mm of external diameter and 130 mm of height was developed, with its shape determined by the revolution of a Gaussian curve, which created the model R.
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Figure A1. The models A, B, C, D, and E for flywheels are shown. Blue arrows show where the connector/support of the flywheel is located in the FEM simulation. The colour scale gives the von Mises stress in Pa. Source: the authors. 






Figure A1. The models A, B, C, D, and E for flywheels are shown. Blue arrows show where the connector/support of the flywheel is located in the FEM simulation. The colour scale gives the von Mises stress in Pa. Source: the authors.
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Figure A2. The models F, G, H, I, and J for flywheels are shown. Blue arrows show where the connector/support of the flywheel is located in the FEM simulation. The colour scale gives the von Mises stress in Pa. Source: the authors. 






Figure A2. The models F, G, H, I, and J for flywheels are shown. Blue arrows show where the connector/support of the flywheel is located in the FEM simulation. The colour scale gives the von Mises stress in Pa. Source: the authors.
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Figure A3. The models K, M, N, and O for flywheels are shown. Blue arrows show where the connector/support of the flywheel is located in the FEM simulation. The colour scale gives the von Mises stress in Pa. Source: the authors. 
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Figure A4. The models P, Q, and R for flywheels are shown. Blue arrows show where the connector/support of the flywheel is located in the FEM simulation. The colour scale gives the von Mises stress in Pa. Source: the authors. 






Figure A4. The models P, Q, and R for flywheels are shown. Blue arrows show where the connector/support of the flywheel is located in the FEM simulation. The colour scale gives the von Mises stress in Pa. Source: the authors.
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Figure 1. Rotor parameters studied in the different models presented in Table 1. 
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Figure 2. Stress distribution for models A and B. 
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Figure 3. Stress distribution for models C, D, and E with different shaft diameters. 
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Figure 4. Stress distribution for models F, G, H, I, J, and K with different slope angles for top and bottom surfaces. 
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Figure 5. Stress distribution for models M, N, O, P, and Q with different varying slope conditions for top and bottom surfaces. 
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Figure 6. The R model in a colour scale that gives the von Mises stress in Pa. Source: the authors. 






Figure 6. The R model in a colour scale that gives the von Mises stress in Pa. Source: the authors.
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Figure 7. Von Mises stresses for the R model with added mass at the rotor’s edge. Source: the authors. 
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Figure 8. Example of a double rotor flywheel. Source: the authors. 
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Figure 9. Example of a triple rotor flywheel. Source: the authors. 
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Figure 10. A double rotor in its first vibration mode. Source: the authors. 
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Figure 11. A double rotor with Gaussian disks only. As it spins, the zero frequency of vibration implies no vibration amplitudes. Source: the authors. 
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Figure 12. A single rotor in its first and only normal mode. At a frequency of 3453 Hz, the operational range went up to 4000 Hz. Source: the authors. 
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Figure 13. A double rotor in its first and only normal mode. At a frequency of 1151 Hz, the operational range went up to 4000 Hz. Harmonics must be considered. Source: the authors. 
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Figure 14. Reinforced flywheel double rotor in its first and only 2500 Hz normal mode, increasing the operational frequency. Source: the authors. 
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Figure 15. The reinforced double rotor flywheel shown with a simulation of von Mises stress. Source: the authors. 
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Figure 16. The reinforced triple rotor flywheel shown with a simulation of von Mises stress. Source: the authors. 
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Table 1. Different models studied, aiming at increasing energy storage capacity of flywheel batteries.
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	Model
	Objective





	A and B
	Reduce localized stress in the interface between the shaft and the rotor



	C, D, and E
	Study the impact of shaft diameter on the stress distribution and other rotor parameters



	F, G, H, I, J, and K
	Study the impact of the slope angle of the top and bottom rotor surfaces on stress distribution and other rotor parameters



	M, N, O, P, and Q
	Study the impact of varying slope as a function of the rotor radius on stress distribution and other rotor parameters



	R and S
	Study Gaussian rotors regarding stress distribution and other rotor parameters



	T1 and T2
	Study of multiple Gaussian rotors regarding stress distribution, stability, and other rotor parameters



	U1 and U2
	Study of multiple reinforced Gaussian rotors regarding distribution, stability, and other rotor parameters










 





Table 2. Geometric and mass data for the flywheel models.
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	Model
	Shaft Height

(mm)
	Shaft Diameter

(mm)
	Rotor or Disk Diameter

(mm)
	Flywheel Total Mass

(kg)
	Slope Angle of Top and Bottom Surfaces

(Degree)





	A
	120
	30
	200
	5893
	0



	B *
	120
	30
	200
	6020
	0



	C
	270
	30
	200
	8234
	30



	D
	270
	50
	200
	8407
	30



	E
	270
	60
	200
	8546
	30



	F
	300
	50
	200
	7812
	20



	G
	300
	50
	200
	8151
	25



	H
	300
	50
	200
	8517
	30



	I
	300
	50
	200
	8923
	35



	J
	300
	50
	200
	9382
	40



	K
	300
	50
	200
	9914
	45



	M **
	300
	50
	200
	8545
	2 slopes with 60° and 30°



	N **
	300
	50
	200
	8642
	2 slopes with 60° and 30°



	O **
	300
	50
	200
	8825
	2 slopes with 60° and 30°



	P **
	400
	50
	200
	9335
	5 slopes with 70°, 60°, 50°, 40°, and 30°



	Q **
	400
	50
	200
	8161
	continuously varying slope



	R **
	130
	30
	200
	960
	Gaussian shape







* Similar to model A but with the addition of a rounding surface at the connection between rotor and shaft. ** More details in Appendix A.













 





Table 3. Results of the simulations for different flywheel models. The best results are bolded.
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	Model
	Maximum Rotation Speed (RPM)
	Mass (kg)
	Stored Energy (kJ)
	Energy Density (kJ/kg)





	A
	162,000
	5.89
	4234
	716



	B
	153,000
	6.02
	3791
	630



	C
	167,000
	8.23
	5501
	666



	D
	192,000
	8.40
	7351
	875



	E
	185,000
	8.54
	6858
	803



	F
	187,000
	7.81
	6491
	832



	G
	192,000
	8.15
	7070
	868



	H
	194,000
	8.51
	7510
	882



	I
	185,000
	8.92
	7081
	792



	J
	186,000
	9.38
	7434
	792



	K
	182,000
	9.91
	7488
	756



	M
	163,000
	8.54
	5285
	619



	N
	176,000
	8.64
	6174
	716



	O
	189,900
	8.82
	7247
	821



	P
	195,440
	9.33
	7722
	828



	Q
	204,820
	8.16
	7492
	918



	R
	279,180
	0.96
	1346
	1393










 





Table 4. Results of flywheel simulations with added mass to the rotors’ edges. The second column shows the maximum rotational speed in rpm. The identification is D-15 × 5, meaning a rotor with a diamond-shaped rim with a 15 mm vertical dimension and a 5 mm horizontal dimension. The maximum values are bolded.






Table 4. Results of flywheel simulations with added mass to the rotors’ edges. The second column shows the maximum rotational speed in rpm. The identification is D-15 × 5, meaning a rotor with a diamond-shaped rim with a 15 mm vertical dimension and a 5 mm horizontal dimension. The maximum values are bolded.












	
	RPM Max
	Mass (kg)
	Energy (kJ)
	Energy Density (kJ/kg)





	Model Q
	205,000
	8.161
	7491
	918



	Model R
	279,000
	0.968
	1347
	1392



	Diamond 15 × 5
	265,000
	1.058
	1532
	1448



	Diamond 15 × 10
	259,000
	1.109
	1601
	1451



	Diamond 15 × 15
	255,000
	1.136
	1635
	1439



	Diamond 20 × 5
	259,000
	1.098
	1603
	1459



	Diamond 20 × 10
	250,000
	1.174
	1704
	1452



	Diamond 20 × 15
	240,000
	1.238
	1238
	1382



	Diamond 30 × 5
	250,000
	1.179
	1746
	1482



	Diamond 30 × 10
	227,000
	1.315
	1754
	1335



	Diamond 30 × 15
	222,000
	1.296
	1656
	1278










 





Table 5. Relevant values for an instance of a triple rotor.
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	Max. Rotation (rpm)
	Mass (kg)
	Energy (J)
	Energy Density (J/kg)





	Diamond 15 × 5 Triple
	268,080
	3.08
	4,777,717
	1,549,471










 





Table 6. Relevant values for an instance of a triple reinforced rotor.






Table 6. Relevant values for an instance of a triple reinforced rotor.












	
	Max. Rotation (rpm)
	Mass (kg)
	Energy (J)
	Energy Density (J/kg)





	Diamond 15 × 5 Triple
	262,460
	3.692
	5,349,342
	1,448,901
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