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Abstract

:

High-velocity and long-lifetime operating conditions of modern high-speed energy storage flywheel rotors may create the necessary conditions for failure modes not included in current quasi-static failure analyses. In the present study, a computational algorithm based on an accepted analytical model was developed to investigate the viscoelastic behavior of carbon fiber reinforced polymer composite flywheel rotors with an aluminum hub assembled via a press-fit. The Tsai-Wu failure criterion was applied to assess failure. Two simulation cases were developed to explore the effects of viscoelasticity on composite flywheel rotors, i.e., a worst-case operating condition and a case akin to realistic flywheel operations. The simulations indicate that viscoelastic effects are likely to reduce peak stresses in the composite rim over time. However, viscoelasticity also affects stresses in the hub and the hub-rim interface in ways that may cause rotor failure. It was further found that charge-discharge cycles of the flywheel energy storage device may create significant fatigue loading conditions. It was therefore concluded that the design of composite flywheel rotors should include viscoelastic and fatigue analyses to ensure safe operation.
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1. Introduction


State-of-the-art high-speed flywheel energy storage systems (FESS) are recognized for several advantageous characteristics including a high charge and discharge rate, lifetimes ranging from 10 to 20 years and high specific energy up to 100 Wh·kg−1 [1]. Further, they are unaffected by depth of discharge or cycling effects common to electrochemical batteries and have a relatively high cycle efficiency—up to 95% depending on the electrical components [2]. While the high efficiency and long expected lifetime make FESS an attractive alternative over other short- and medium-term energy storage options, these same attributes pose design and operational challenges.



The majority of studies on fiber reinforced polymer (FRP) composite flywheel rotors have focused on instantaneous, or time-independent, behavior of composite rotors and hubs to optimize performance or minimize cost [3,4,5]. If rotor failure is considered, it is typically seen as a quasi-static process caused by excessive centrifugal loading exceeding material ultimate strengths [6]. While attempts have been made to predict rotor failure with progressive damage models [7], they largely neglect to incorporate viscoelasticity into the stress and failure analyses. It has been theorized that changes in the interfacial compressive forces could lead to rim separation or creep rupture [8], yet the number of studies on viscoelastic behavior in composite rotors supporting this notion are limited.



Some works presented solutions for the boundary-value problem presented by flywheel rotors constructed of viscoelastic materials and discussed creep effects [9,10]. Trufanov and Smetannikov [9] focused on flywheel rotors with an outer shell supporting an inner composite rim. Additionally, the rim is of non-uniform cross sections and features a variable winding angle, neither of which are commonly used in modern FESS [11,12]. Portnov [10] discussed a solution to the equilibrium equations to determine creep strain in rotating disks. Tzeng [13] expanded on previous works by simulating filament-wound composite flywheel rotors with uniform rotor cross section and discussing viscoelastic behavior at 10 years and infinite time (1010 h). Tzeng showed that viscoelastic stress relaxation of approximately 35% in the radial direction and a corresponding increase of approximately 9% in the circumferential direction can occur over the lifetime of the rotor. Emerson [14] conducted experimental investigations on flywheel rotors subjected to three temperatures and speed profiles over the course of 2 months using optoelectronic strain measurements. While rotor creep tests were inconclusive due to a mechanical failure, this work did not rule out any significant impact of creep on strains imposed for the press-fit assembly of the rotor. A similar conclusion was found elsewhere [15].



While there have been developments in the understanding of viscoelastic behavior of flywheel rotors, related insights do not necessarily translate well to typical use cases. For example, FESS in public transit [16] are installed with a vacuum enclosure that minimizes temperature fluctuations. Expected lifetimes are 10 to 20 years. In addition, load cycling occurs every few minutes, with viscoelastic effects effectively being negligible in between cycles. For other promising FESS applications, such as electric vehicle (EV) charging and renewable energy grid support, cycle times are likely much longer than for FESS in public transit, yet temperature conditions and timeframes would be similar.



The present study seeks to describe the viscoelastic behavior of composite flywheel rotors during their expected lifetimes using a computational algorithm to predict the stress evolution in the rotor. Additionally, the Tsai-Wu criterion is used to describe the total stress state, combining radial, circumferential, and axial stress to predict rotor failure. The simulated rotor material is a filament-wound carbon fiber reinforced polymer (CFRP) composite [17,18,19], similar to those typically used in flywheel rotor construction, making its application here appropriate. The rotor also includes an aluminum hub that facilitates the connection between the motor/generator unit and the bearing system. The effects of creep and viscoelastic stress relaxation on a flywheel rotor are examined with respect to two primary rotor failure modes: (i) separation between hub and rotor rims, and (ii) matrix cracking.




2. Composite Flywheel Rotor Modeling


2.1. Analytical Model Description


The analytical model has been discussed in several publications, therefore only a brief description will be provided here. While the present study focuses on the solution of a single-rim rotor, the analysis can be generalized to multi-rim rotors as described in [20], variable thickness rotors [21], and functionally graded materials [22]. The stress development in the thick composite rotor is assumed to be axisymmetric, meaning the resultant stresses and strains are independent of the circumferential coordinate. The material used for these rotors is a unidirectional filament-wound FRP composite where the winding angle is taken to be circumferential, i.e., 90°. Hence, the composite is assumed to be transversely isotropic. Additionally, it was assumed the aluminum hub and composite rim are permanently bonded, that is, the model is unable to simulate separation between hub and rim. However, the latter condition is indicated by interfacial radial stress being greater than or equal to zero. Due to axisymmetry, the rotor response must only satisfy the governing equation in the radial direction [23]. The stress equilibrium equation in cylindrical coordinates is given as [24]


    ∂  σ r    ∂ r   +    σ r  −  σ θ   r  + ρ r  ω 2  = 0 ,  



(1)




where σr and σθ are the radial and circumferential hoop stresses, which are the only non-trivial terms in the stress matrix; ρ is the material density; and ω is the rotor angular velocity. The stress-strain relationship is defined as


   {       σ θ         σ z         σ r         σ  θ z        }  =  [       Q  11        Q  12        Q  13      0       Q  21        Q  22        Q  23      0       Q  31        Q  32        Q  33      0     0   0   0     Q  66        ]   {       ε θ         ε z         ε r         ε  θ z        }  ,  



(2)




where    [ Q ]    is the stiffness matrix and    { ε }    is the strain vector. Note that the z-coordinate is associated with the rotor axial direction. The    [ Q ]    matrix is the inverse of the compliance matrix    [ S ]    [25], such that


   [ Q ]  =   [ S ]   − 1   =    [       S  11        S  12        S  13      0       S  21        S  22        S  23      0       S  31        S  32        S  33      0     0   0   0     S  66        ]    − 1   .  



(3)







Considering Equation (2), the compliance matrix must define the behavior in the circumferential (parallel to fibers), radial (transverse to fibers), axial (transverse to fibers), and shear directions. Since the rotor material is assumed to be transversely isotropic with no applied shear forces, the symmetric matrix simplifies from 10 unique terms to seven. The strain in the circumferential and radial directions can be written as, respectively,


    ε θ  =    u r   r      and    ε r  =   ∂  u r    ∂ r   ,   



(4)




where ur is the displacement in the radial direction and r is an arbitrary location along the rotor radial direction. Invoking a plane strain assumption, strain in the axial and shear directions is defined correspondingly by Equation (5). The appropriateness of this assumption will be discussed later in this text.


    ε z  = 0     and    ε  θ z   = 0 .   



(5)







Combining Equations (1), (2), and (4) yields a second order inhomogeneous ordinary differential equation. Solving this equation gives the local displacement and local stress at an arbitrary radius defined as


   u r  = − ρ  ω 2   φ 0   r 3  +  C 1   φ 1   r κ  +  C 2   φ 2   r  − κ   ,  



(6)






    σ r  = − ρ  ω 2   φ 3   r 2  +  C 1   r  κ − 1   +  C 2   r  − κ − 1     .   



(7)







The C parameters are integration constants dependent on the boundary conditions and material properties. The κ and φ coefficients are intermediate terms dependent on the stiffness matrix, defined as follows:


   κ =      Q  11      Q  33       ,     φ 0  =  1   (  9 −  κ 2   )   Q  33       ,    φ 1  =  1   Q  13   + κ  Q  33     ,     φ 2  =  1   Q  13   − κ  Q  33       ,    φ 3  =   3  Q  33   +  Q  13      (  9 −  κ 2   )   Q  33     .   



(8)







Then, upon determining the integration constants, the radial displacement (Equation (6)) and radial stress (Equation (7)) can be found using Equation (8). Circumferential stress can be found by combining Equations (4), (6), and (8) in conjunction with the stress-strain relationship (Equation (2)).



Generalizing to a multi-rim flywheel rotor with an arbitrary number of rims, i.e., the rotor is constructed from N rims labeled j and can vary between j = 1, 2, 3… N, then the continuity condition at the interface states,


   σ  r ,  r o   j  =  σ  r ,  r i    j + 1   ;      u  r ,  r o   j  =  u  r ,  r i    j + 1   .  



(9)




where    σ  r ,  r o   j    is the radial stress at the outer radius, ro, in the jth rim, and    σ  r ,  r i    j + 1     is the radial stress at the inner radius, ri, of the next, j + 1, rim. The same notation is used to describe the radial displacements, ur, at the interface.




2.2. Tsai-Wu Failure Criterion


The general Tsai-Wu failure criterion, described in [6,7,26,27], can be reduced to nine terms for a transversely isotropic material and considering the absence of shear stresses. This criterion finds a relationship, F, between the applied stress tensor and the material tensile strengths and predicts failure when   F ≥ 1  . At failure, the stress tensor represents the maximum allowable stress and F equals unity. Hence, the Tsai-Wu failure criterion can be written as


  F =  F  11      (   σ 1  all    )   2  +  F  22      (   σ 2  all    )   2  +  F  33      (   σ 3  all    )   2  + 2  F  12    σ 1  all    σ 2  all   + 2  F  13    σ 1  all    σ 3  all   +  2  F  23    σ 2  all    σ 3  all   +  F 1   σ 1  all   +  F 2   σ 2  all   +  F 3   σ 3  all   = 1 ,  



(10)




where    (   σ i  all    )    is the allowable stress in the i = 1, 2, or 3 directions at an arbitrary point in the rotor. Note as applied herein, the 1 and 3 directions refer to the circumferential and radial stress, respectively, while the 2 direction refers to the axial direction. While the plane strain condition eliminates axial strain, it allows for axial stress; therefore, it is included in the failure criterion. Then,


    F  11   =  1   σ  1 t    σ  1 c       ,    F  22   =  F  33   =  1   σ  3 t    σ  3 c     ,    F  1   =  1   σ  1 t     −  1   σ  1 c     ,     F 2  =  F 3  =  1   σ  3 t     −  1   σ  3 c       ,    F  12   =  F  13   =   − 1   2    σ  1 t    σ  1 c    σ  3 t    σ  3 c       ,    F  23   =  F  22   −  1  2  τ 23 2      ,   



(11)




where the subscripts t and c refer to the tensile and compressive ultimate strengths, respectively. The strength coefficients in the 2 and 3 directions are equal due to the transversely isotropic assumption, discussed further in Section 3.1.



It is common, and more valuable, to define the relationship between maximum allowable stress and the applied stress as the failure ratio (R) [7]. This relationship is found by combining the maximum allowable stress tensor,    (   σ i  all    )   , with the applied stress tensor,    (   σ i  app    )   , multiplied with R such that


    σ 1  all   = R  σ 1  app     ,    σ 2  all   = R  σ 2  app     ,    σ 3  all   = R  σ 3  app   .   



(12)







Then, substituting Equation (12) into Equation (10) yields a quadratic equation, i.e.,


     0 = [  F  11      (   σ 1  app    )   2  +  F  22      (   σ 2  app    )   2  +  F  33      (   σ 3  app    )   2  + 2  F  12    σ 1  app    σ 2  app   + 2  F  13    σ 1  app    σ 3  app                 + 2  F  23    σ 2  app    σ 3  app   ]  R 2  +  [   F 1   σ 1  app   +  F 2   σ 2  app   +  F 3   σ 3  app    ]  R − 1 .     



(13)







Solving this quadratic equation for R defines the failure ratio. When    (   σ i  app    )    equals    (   σ i  all    )   , then R equals unity, indicating failure, whereas R > 1 indicates    (   σ i  app    )    is less than    (   σ i  all    )    and no failure is predicted. It is convenient to define a strength ratio (SR) to be 1/R, as this is more intuitive conceptually and graphically [7]. Failure under this criterion is predicted when SR ≥ 1.




2.3. Computational Methodology


The computational methodology has been discussed elsewhere [13,14], so only a brief description is provided here. The analytical model, described in Section 2.1, assumes constant loads, therefore the viscoelastic solution procedure requires approximating time-varying behavior through a number of discrete time and load steps. The response at each step is used to calculate stresses and SR for the flywheel throughout the simulation. First, the rotor dimensions, material properties, and simulation parameters—including time and velocity vectors of interest—are defined as inputs to the algorithm. Then, beginning at the first time and velocity of interest, the material stiffness matrix is calculated for each rim of the flywheel rotor (here, a single-rim rotor is considered). Next, the boundary conditions at each interface and at the inner and outer surface of the rotor are calculated. Using this information, the rotor response and SR are calculated for the given time and velocity. Finally, the algorithm iterates to the next time and velocity. This continues for all discrete times and velocities of interest, which yields the induced stresses and SR for all points in the flywheel rotor at all times and velocities of interest.





3. Modeling Parameters


The flywheel rotor simulated in this study is constructed from a single CFRP rim press-fitted to an aluminum hub. The hub and rim are simulated as cylinders with rectangular cross sections.



3.1. Materials


The aluminum and CFRP are both assumed to be uniform throughout the rotor and free of defects. Referring to [28], the aluminum exhibits negligible viscoelastic response at temperatures below 50 °C, therefore viscoelastic behavior in the aluminum is not considered. The material properties of the chosen 7075-T6 aluminum are found in [29].



The composite considered in this study is IM7 carbon fiber (Hexcel Corp., Stamford, CT, USA) with an 8552 epoxy resin system (Hexcel Corp., Stamford, CT, USA), as described by Tzeng et al. [30]. The filament winding process employed for fabricating CFRP flywheel rotors utilizes continuous unidirectional fiber reinforcement, which creates a transversely isotropic behavior [31].



In the CFRP rim, the fibers run circumferentially and display only subtle viscoelastic characteristics. The long-term behavior of a CFRP in the transverse direction is often described using a time-temperature superposition (TTSP) master curve. This curve is created by measuring short-term creep data at various elevated temperatures. Then, a shift factor is applied to the elevated temperature experimental data to shift them temporally, increasing the time axis while decreasing the temperature. Shifting all elevated temperature experimental data creates a smooth master curve representing the lifetime strain and compliance behavior, provided the applied stress from experimentation is known. Finally, curve fitting is performed on the master curve to generate empirical equations for the creep compliance. TTSP is applicable for modeling linear viscoelasticity, which is acceptable for this application as permanent damage, material aging, and other higher order effects are excluded from this simulation. The transverse compliance equations published by Tzeng et al. [30] are given in Table 1 and Equation (14), as are the aluminum properties, where variable t indicates time. The tensile strengths of the CFRP and yield strength of the aluminum necessary for the Tsai-Wu criteria are given in Table 2.


    S  11  0  = 9.0 ×   10   − 12        Pa  − 1   ,    S  22  0  =  S  33  0  = 1.1 ×   10   − 10        Pa  − 1   ,    S  66  0  = 2.0 ×   10   − 10      Pa  − 1   .   



(14)








3.2. Flywheel Rotor Simulation Parameters


Two cases were considered to investigate the effects of viscoelastic behavior on the flywheel rotor. The first case simulates a worst-case scenario for creep and viscoelastic stress relaxation in the flywheel rotor. The second case more closely simulates a realistic scenario of an FESS experiencing daily charge/discharge cycles. The FESS capacity and flywheel rotor dimensions are identical between the two cases. Recent studies on appropriate sizing of FESS have identified various values ranging between 3 kWh and 20 kWh for residential applications, light rail transit, electric vehicle charging, and frequency regulation for microgrid applications [16,31,32]. For the present study, a capacity of 10 kWh was chosen as it is situated in the middle of the range for the applications mentioned above. Note that energy storage capacity scales linearly with rotor height (axial dimension), and scaling is not expected to affect creep behavior appreciably, so the chosen rotor configuration can easily be scaled up or down to adjust for a given application. This scaling could be done, as suggested in [33], by stacking individual composite disks on top of one another to form the rotor, in which case, the analysis for each individual disk is performed as described herein while capacity may be increased or decreased as needed. To illustrate the chosen capacity, a recent study [34] on residential photovoltaic (PV) potential in Lethbridge, Alberta, Canada, identified that the majority of residential homes had roof space for up to 10 kW of solar PV, meaning the FESS in this study could reasonably be expected to reach full capacity throughout the day even under less than ideal irradiation conditions, in order to provide power during high demand times such as in the evening. The simulated flywheel rotor dimensions and energy capacity used in this study are given in Figure 1 and Table 3. Note that changing power demand would necessarily require accelerating or decelerating the flywheel rotor, imposing shear stresses, which is not included in the current model, hence justifying the aforementioned biaxial stress condition.



Case 1: The worst-case scenario for viscoelastic effects is simulated by assuming the flywheel rotor to operate at its limit load at all times. The model was used to simulate 10 years of operation. Based on the Tsai-Wu failure criterion, a critical or limit velocity, ωlimit, was determined as 24,250 rpm. Note that failure is initially indicated at this velocity, for an SR lightly above unity (1.01); however, viscoelastic stress relaxation will improve the stress state, allowing for safe operation at this velocity over the long term.



Case 2: This scenario is intended to more realistically simulate the application of an FESS in solar PV electric grids or EV charging support. For these applications, the FESS is assumed to experience a single charge/discharge cycle every day as the system charges during off-peak hours and discharges during peak hours. Peak electricity demands are typically observed in the mornings and evenings [35], which are also when PV systems have low productivity; therefore, a household would rely on the FESS during these times to operate appliances or support the charging of a vehicle. (It should be mentioned here that the considered FESS capacity is not sufficient to fully charge typical EVs on the market. Rather, energy storage is seen as a means to support EV fast charging and associated peak loads.) Minimum demands are observed in the middle of the day when a PV system is most productive, thereby recharging the system. For this study, each day is divided into three 8-h phases and assigned a different average velocity for each period. These are referred to as the maximum phase, intermediate phase, and minimum phase. It is recognized that charging or discharging the FESS may occur over a period of hours; therefore, the intermediate phase represents the average velocity during the charge-discharge periods. Attempting to simulate a real-world scenario, the rotor is assumed to operate below ωlimit; therefore, the velocity during the maximum phase, ωPmax, is set at 0.9 ωlimit. For the minimum phase, the angular velocity, ωPmin, is chosen to be 0.25 ωlimit, as discussed in [36]. Finally, the intermediate phase angular velocity, ωPint, is halfway between ωPmax and ωPmin, i.e., 0.575 ωlimit. The rotor is simulated to rotate at each velocity, i.e., ωPmax, ωPint and ωPmin, for 8 h each day, for 365 days per year.





4. Results and Discussion


Filament-wound composite flywheel rotors may be subject to a variety of failure modes. Considering viscoelasticity and typical composite flywheel rotor construction, two failure modes are of primary concern. First, the rotor structural integrity is dependent on maintaining compressive loading at the interface between the hub and the composite rim, created by the press-fit during assembly. Therefore, in view of possible stress relaxation, a significant reduction or loss of this compressive loading may lead to rotor failure. Second, it has been shown that the prevalent polymer matrix materials for composite rotor fabrication, epoxy resins, experience creep embrittlement as they undergo viscoelastic stress relaxation, leading to an increased size and density of micro-cracks under subcritical loading conditions [37], i.e., applied loads which approach but do not exceed the matrix strength. Therefore, substantial viscoelastic stress increases the potential for micro-crack networks to substantially damage the matrix, which ultimately may lead to failure.



4.1. Algorithm Validation


The computational algorithm was validated by comparing simulation results with stress distributions for viscoelastic stress effects published by Tzeng et al. [13]. In their work, the rotor is constructed from two CFRP rims press-fitted together. The CFRP is an IM7/8552 transversely isotropic composite with no viscoelastic behavior in the fiber direction. Material properties are given in [13]. The simulation results are plotted alongside the published data in Figure 2. The close congruence that is observed between the published results and the current model provides validation that the present modeling approach is capable of accurately predicting the stress response in the flywheel rotor. Hence, model stress responses will herein be used in conjunction with the Tsai-Wu criterion to predict failure location and behavior.



Recalling the plane strain assumption made for the present analysis, modeling results validated the chosen approach, which simplified solving the radial inhomogeneous equilibrium equation. Contrasting present work with published literature, see e.g., [14,29,37,38,39], comparable results were achieved. It should be noted that some of these studies assume generalized plane strain. In addition, analyses that quantified axial stress [40] showed it to be an order of magnitude less than radial stress, and two orders less than the circumferential stress. Given the body of published works that impose and validate the plane strain assumption, and the comparatively small magnitude of axial stress, applying a plane strain assumption for the present analysis was seen as appropriate.




4.2. Viscoelastic Behavior


4.2.1. Case 1


Simulation results in terms of radial and circumferential stress are shown in Figure 3 for the flywheel rotor constructed from an aluminum hub with a thick CFRP rim. While the hub, located between r = 160 mm and r = 200 mm, was not inherently subject to viscoelastic behavior, its stress state changed as compressive loading from the composite rim decreased.



Considering the radial stress data depicted in Figure 3, the composite rim, in a pristine state post-manufacturing (t = 0 and ω = 0), experiences high compressive loading, approximately −46.7 MPa, due to the press-fit assembly. After startup to ωlimit, the peak compressive load decreases to −27 MPa. This change is induced by the radial position of the hub and rim leading to differences in centrifugal loads, as well as differences in elastic modulus between the two materials. For comparison, the aluminum elastic modulus is 71 GPa while the CFRP longitudinal and transverse modulus is 111 GPa and 9.1 GPa, respectively. As a consequence, the outer rim deforms more than the aluminum hub, reducing the interfacial pressure. Note that this ability to compensate for differential deformation while maintaining rotor integrity is one advantage of a press-fit assembly.



It can further be seen in Figure 3 that circumferential stress in the aluminum hub increases over time. At the inner hub surface, circumferential stress increases from 542 MPa to 596 MPa after 10 years; an increase of 9.2%. (Note that even though this circumferential stress exceeds yield strength, the hub does not undergo failure because the stress coordinate for the given stress state still resides within the failure envelope, invoking, e.g., maximum distortion energy theory.) Additionally, the increased circumferential stress is coupled with a decrease in radial compressive stress, i.e., radial stress becomes less compressive in the aluminum hub. These changes in radial and circumferential stress are attributed to the increased compliance of the CFRP rim during this time period, allowing the hub to deform radially.



Regarding the composite rim, radial and circumferential peak stresses are predicted to decrease moderately between 1% and 5.5%, respectively, over the 10-year simulation period, which is to be expected based on previous research [14]. For greater clarity, peak stress values in the rotor over the simulated 10-year period were determined for (i) the interfacial pressure measured in the radial direction, (ii) the radial stress, and (iii) the circumferential stress. Corresponding values are given in Table 4. To illustrate their change over the simulated operation, they were normalized by their initial value at t = 0 and plotted in Figure 4. Within the first year of (continuous) operation, the rotor undergoes viscoelastic stress changes as the interfacial compressive stress decreases from −27 MPa to −19 MPa, or approximately 70.4% of the initial value. After 1 year, interfacial compressive stress decreases at a reduced rate, decreasing to 63.3% after 10 years. These results indicate that the composite material experiences rapid non-linear relaxation over the first year of operation, which to a large extent is ascribed to primary or transient creep (phase I). In the subsequent years of the rotor’s service life, stress relaxation is significantly reduced, indicating the material has fully transitioned into secondary or steady-state creep (phase II). Conceivably, the initial rapid relaxation could be avoided by subjecting the composite rim to a suitable conditioning process prior to rotor assembly. In this case, only a relative minor decrease in interfacial pressure of about 7% would be expected.



Based on present findings, while viscoelastic stress relaxation leading to hub-rim separation is a conceivable scenario, it is controllable provided adequate interfacial pressure is achieved during assembly, or substantial initial creep effects can effectively be mitigated otherwise (e.g., by CFRP rim conditioning). It is interesting to note that for a reduced press-fit interference of 0.45 mm between the hub and rim (instead of 0.8 mm), creep effects are sufficient to cause zero interfacial pressure over the considered operating time, that is, separation between hub and rim would occur. Clearly, these results demonstrate that a viscoelastic analysis is warranted for the engineering design of FESS rotors.



The Tsai-Wu failure criteria were used to determine the SR data and predict the location and angular velocity associated with rotor failure. SR data facilitate predicting failure since these data are based on the combined stresses exceeding the strength threshold. In other words, the SR analysis provides an understanding of the total stress state of the rotor. SR data for the current rotor are provided in Figure 5.



The CFRP rim initially has the highest SR of 1.01 and is located at the midplane of the rim; however, viscoelastic stress relaxation improves the stress state of this rim, so SR decreases to 0.975 within 6 months, then continues to slowly decrease to about 0.96 after 10 years. The same cannot be said for the aluminum hub, which exhibits an evolution of stresses approaching failure. The SR for the hub, while initially substantially less than the composite rim, increases from 0.836 to 0.9 within 6 months, then continues to increase to 0.92 over the following 10 years. With an increase by 6.8%, changes in SR for the hub are rapid in the first year of operation, while the SR is predicted to increase by only another 2% over the next 9 years. Referring to Figure 3, this SR growth is caused by a rising circumferential stress in conjunction with a lessening of compression in the radial direction. This behavior can be understood recalling Equation (13), which is composed of radial, circumferential, axial, and coupled terms. The linear term for radial direction is   S  R  radial   =  F 3   σ 3  app   R  . Since the peak radial stress is compressive, a large negative value is introduced into Equation (13), thus reducing SR accordingly. As the CFRP rim undergoes viscoelastic deformation, the radial compressive load diminishes, so SRradial diminishes as well, thus removing the negative term from the equation, causing the observed SR increase for the hub.



In summary, viscoelastic stress relaxation of the CFRP rim can improve its stress state to the detriment of the aluminum hub. It is reasonable to conclude that for a given rotor geometry, changing stresses may lead to damage of the aluminum hub and/or separation between hub and rim components. Viscoelastic effects should therefore be considered in flywheel rotor design. Nevertheless, based on the present observations, limited viscoelastic stress relaxation in the rotor may also be beneficial to the overall rotor performance. While substantial phase I creep may be a concern from a risk assessment point-of-view, mechanical conditioning and/or thermal aging could be a means to mitigate large initial viscoelastic effects after rotor assembly and operational startup while allowing for phase II creep to gradually evolve over the rotor’s operational lifetime.




4.2.2. Case 2


As mentioned earlier, the load profile for case 2 is intended to more closely simulate the operation of an FESS in actual applications, such as for solar PV electric grids or EV charging. Graphs with the radial and circumferential stresses on day 1 of operation are given in Figure 6. These graphs serve as representative examples of the stress distribution for the simulated operation. While the magnitude of the radial and circumferential stresses was found to decrease in the rim and increase in the hub over time, the overall shape of the stress response at each velocity (minimum phase, ωPmin, intermediate phase, ωPint, maximum phase, ωPmax) was found to be similar for any day of the simulated operation, so only data for the first day are provided. Comparing case 1 (Figure 3) and case 2 (Figure 6), the stress responses at ωPmin and ωPmax closely resemble those from case 1 at t = 0, ω = 0 and at t = 0, ω = ωlimit, respectively, as is expected given the similarity between angular velocities and the non-linear relationship between stress and velocity. Notably, for both cases, the circumferential stress in the hub is seen to change from initially having a positive slope (ω = 0, ω = ωPmin) to having a negative slope at high-velocity operation (ωlimit, ωPmax). Between both extremes, stresses switch from tensile to compressive with the magnitude occurring at the hub inner surface. This loading scenario resembles fatigue loading with a negative stress ratio, positive mean stress, and a comparatively high stress range. The hub design should therefore include a fatigue analysis, especially for FESS that experiences high cycle rates, i.e., numerous cycles per day.



Figure 7 depicts SR data for all points along the rotor radial direction at each velocity for day 1 and day 365. Again, while magnitudes at each point are seen to vary for the different velocities, the overall shape of the SR curves at each velocity bear distinct similarities. Broadly, SR graphs exhibit similar trends as in case 1. After year 1, SR values at ωPmax increase in the hub but decrease in the composite rim. As one would expect, SR values in Figure 7 are lower compared to data in Figure 5, due to the overall lower stress levels and the reduced time that the rotor operates at high velocity.



During each phase, five key indicators are tracked throughout the simulation: (i) interface stress, (ii) peak radial tensile stress (i.e., neglecting compressive stresses, as these are found at the interface), (iii) peak circumferential stress in the CFRP rim, (iv) peak SR in the hub, and (v) peak SR in the CFRP rim. Values for each indicator recorded on day 1, 90, 180, 270, and 365 are given in Table 5. To facilitate comparisons with case 1, data from Table 5 were normalized using the day 1 value at each velocity and each location or component of interest, as depicted in Figure 8. Noting that since the peak radial tensile stress at ωPmin is negligible throughout the simulation (see Table 5), this dataset was omitted in Figure 8.



Akin to case 1, values for the interfacial pressure exhibit the most significant change during the case 2 simulation, as shown in Figure 8a. This observation again substantiates conclusions in previous work [30] which suggested that stress relaxation at the interface could pose a risk to a flywheel rotor’s structural integrity. After 1 year of operation, the interfacial pressure is predicted to decrease by approximately 7%, 7.5%, and 12% at the minimum, intermediate, and maximum velocities, respectively. However, these reductions are significantly less compared to case 1, for which a decrease of 29% is predicted after year 1. Again, lower predicted interface pressures in case 2 are due to the rotor being subjected to lower average angular velocities than in case 1, and the rotor spending less time subjected to high velocity loading conditions. Since for each charge-discharge cycle the rotor transitions from low to high velocity and vice versa, high cycle rates will typically subject the rotor to reduced viscoelastic effects, as it will spend less time at or near maximum velocities.



Considering Figure 8b,c, changes in peak stresses are rather benign. The peak radial tensile stress increases by a maximum of about 2%, which is comparable to the corresponding decrease seen in case 1. The peak circumferential stress shows a reduction of 0.5% at ωPmin and 3% at ωPmax. Reductions in both peak stress components are less than those for case 1 for the same reasons as discussed earlier.



In Figure 8d, peak SR values for the aluminum hub are indicated to decrease for ωPmin but to rise for the other two velocities. SR changes at ωPmin and ωPint, being seemingly high at the latter velocity, are largely irrelevant given the comparatively low absolute SR values for the hub at these operating conditions (see Figure 7). The rise in SR at ωPmax is considerable but is still confined to below 10% and remains uncritical. Referring to Figure 8e, the SR evolution for the CFRP rim is favorable, as observed for case 1, as values decrease over the considered operating period.



Considering relative SR changes between case 1 and case 2 at high velocity and at critical locations with respect to the rotor radial direction, i.e., the hub inner surface and the rim’s cylindrical midsection, it is apparent that magnitudes in case 2 remain below those in case 1, which is to be expected given that the rotor is subjected to an overall reduced average velocity while also operating for less time under high velocity loading conditions. For example, in case 1, after the first year, the SR for the hub increases by 6.8%, while in case 2 (at ωPmax) over the same period, the increase is 3.3%.






5. Conclusions


The high-stress and long-lifetime operating conditions of modern composite flywheel rotors create the necessary conditions for viscoelastic failure modes not included in contemporary quasi-static failure analyses. In this study, a computational algorithm, based on an accepted analytical modeling approach, was developed to investigate the viscoelastic behavior of fiber reinforced polymer composite rotors during their lifetimes. Additionally, the Tsai-Wu failure criterion was used to compute strength ratios along the rotor radial direction. The values were used to assess the conditions for rotor failure. A composite flywheel rotor design was considered that meets capacity requirements to support an electrical vehicle charging system or solar PV residential electric grid. The rotor consists of a press-fit assembly of an aluminum hub with a carbon fiber polymer composite rim. The viscoelastic behavior of the flywheel rotor was studied for two cases: (i) a worst-case scenario of the rotor operating with an angular velocity at the failure threshold for a simulated lifetime of 10 years, and (ii) a charging/discharging cycle in which the rotor experiences a minimum, intermediate, and maximum velocity for 8 h each per day over a one-year period.



The case 1 simulation indicated that due to viscoelastic stress relaxation, the radial and circumferential stresses in the composite rotor reduce over time. After 10 years, peak stress in the radial and circumferential directions were found to decrease by approximately 1% and 5%, respectively. Given that rim stresses continually decrease over time, the risk of rim failure is diminishing during operation, provided no external factors, such as matrix cracking, affect the rotor’s structural integrity. In contrast, circumferential stresses in the aluminum hub increase while radial stresses decrease. This behavior was attributed to an increasing compliance of the composite rim, allowing it to deform radially outward. Thus, radial compressive stresses in the rotor are reduced, and in turn, circumferential stresses in the hub are increased. The peak strength ratio for the composite rim decreases by approximately 4% compared to an 8% increase in the hub after 10 years. The latter is of concern, as the peak strength ratio in the aluminum hub converges toward unity, suggesting an increased risk of hub failure. The interfacial press-fit pressure is subject to the largest decrease, approximately 36%. Still, taken on its own, this behavior represents a low risk to the flywheel rotor’s structural integrity as long as the rotor design prescribes a sufficient initial press-fit interference that upholds compressive interfacial pressure over the rotor’s lifetime. Based on the observation in case 1, failure may occur in the rim at startup if the rotor reaches a critical velocity, but would decrease over time even if the critical velocity is maintained as viscoelastic stress relaxation improves the overall stress state in the composite rim. However, this behavior does not preclude possible failure due to other effects such as fatigue and matrix cracking, which warrants including such effects in flywheel rotor design and analysis.



The daily charge-discharge cycle considered in case 2 imposes cyclic loading conditions upon the rotor. In this scenario, strength ratios never reached unity, so failure is not predicted for any part of the rotor. Consistent with case 1, viscoelastic stress relaxation allows the radial and circumferential stress in the composite rim to decrease over time, creating a more favorable stress state regardless of angular velocity or time. However, the viscoelastic effects that improve the stress state for the rim are detrimental to the metallic hub. Moreover, charge-discharge cycles were found to impose fatigue loading with a negative stress ratio, positive mean stress, and a comparatively high stress range at the inner surface of the hub.



In summary, the present study conducted simulations on flywheel rotors of appropriate size and over appropriate time frames for applications such as in residential PV energy systems or EV charging stations. While previous studies began to explore this topic, the present study investigated the evolution of stresses in each principal direction between 6 months and 10 years of operation. Findings from these data are vital to consider when designing flywheel rotors for similar and other applications. The simulations conducted in the present study support the notion that viscoelastic effects reduce peak stresses in a composite rim over time. However, this study also showed that viscoelasticity may affect stresses in other parts of the rotor, i.e., the hub and the hub-rim interface, in ways that may lead to rotor failure. Moreover, it was noted that charge-discharge cycles of the flywheel energy storage device may create significant fatigue loading conditions. Therefore, it is concluded that flywheel rotor design should include viscoelastic and fatigue analyses to ensure safe operation, especially for devices experiencing high cycle rates and long-time operation near critical velocities.
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Figure 1. Simulated flywheel rotor showing dimensions of metallic hub and carbon fiber rim. The axis of rotation (AoR) is shown in blue. 
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Figure 2. Radial (a) and circumferential (b) stress distribution comparison between the current model and Tzeng et al. [13] for a two-rim press-fit CFRP flywheel rotor. 
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Figure 3. Radial (a) and circumferential (b) stress predictions for a flywheel rotor constructed of an aluminum hub and CFRP rim, after assembly (zero velocity), at startup, and at various times up to 10 years of continuous operation at the limit velocity of 24,250 rpm. 
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Figure 4. Normalized rotor peak stress for interfacial pressure, radial stress, and circumferential stress over time for continuous flywheel operation at limit velocity. Values are normalized by the corresponding stress at time t = 0. 
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Figure 5. Strength ratio (SR) data for the flywheel rotor (a), and peak SR in the aluminum hub and CFRP rim at various times throughout the simulated lifetime (b). 
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Figure 6. Radial (a) and circumferential (b) stress results at each velocity on day 1. 
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Figure 7. SR graphs for all points along the flywheel rotor radius at each velocity on day 1. 
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Figure 8. Stress results normalized by their initial value on day 1 for (a) interfacial pressure, (b) peak radial tensile stress, and (c) peak circumferential stress in the CFRP rim, (d) peak SR in the aluminum hub, and (e) peak SR in the CFRP rim. 
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Table 1. Material properties for aluminum 7075-T6 [29] and viscoelastic equations for CFRP [30] used in the present study.
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	Material
	S11 [Pa−1]
	S22 [Pa−1]
	S33 [Pa−1]
	S66 [Pa−1]
	ν





	Aluminum
	   1.39 ×   10   − 11     
	   1.39 ×   10   − 11     
	   1.39 ×   10   − 11     
	   3.72 ×   10   − 11     
	0.33



	CFRP
	    S  11  0     ( t )    0.01     
	    S  22  0     ( t )    0.03     
	    S  33  0     ( t )    0.03     
	    S  66  0     ( t )    0.03     
	0.31










[image: Table] 





Table 2. Directionally dependent strengths of CFRP and yield strength of aluminum used to find SR from the Tsai-Wu failure criterion.
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	Material
	     σ  1 t      [   M P a   ]     
	     σ  1 c      [   M P a   ]     
	     σ  3 t      [   M P a   ]     
	     σ  3 c      [   M P a   ]     
	    τ    [   M P a   ]     





	CFRP
	2720
	1689
	64.1
	307
	137



	Aluminum
	572
	572
	572
	572
	331
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Table 3. Flywheel rotor rim dimensions, press-fit interference, and energy capacity.
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	Parameter
	Aluminum Hub
	CFRP Rim
	Complete Rotor





	Inner radius
	160 mm
	200 mm
	-



	Outer radius
	200 mm
	330 mm
	-



	Press-fit interference
	-
	-
	0.8 mm



	Rotor height
	-
	-
	430 mm



	Energy capacity
	-
	-
	11.19 kWh
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Table 4. Rotor peak stress values for interfacial stress, radial peak stress, and circumferential peak stress at 0, 0.5, 1, 5, and 10 years of continuous flywheel operation at limit velocity.
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	Time [Year]
	0
	0.5
	1
	5
	10





	Interface pressure [MPa]
	−26.98
	−19.60
	−19.01
	−17.66
	−17.08



	Radial peak stress [MPa]
	50.96
	50.86
	50.83
	50.75
	50.71



	Circumferential peak stress [MPa]
	975.51
	936.54
	933.20
	925.40
	922.01
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Table 5. Peak stress values at the hub-rim interface and radially and circumferentially in the CFRP rim, and peak SR values for the aluminum hub and the CFRP rim, at various times throughout the simulated one-year period.
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Phase

	
Day 1

	
Day 90

	
Day 180

	
Day 270

	
Day 365






	
Peak interface pressure

[MPa]

	
ωPmin

	
−41.04

	
−39.26

	
−39.03

	
−38.90

	
−38.80




	
ωPint

	
−38.76

	
−36.49

	
−36.17

	
−35.98

	
−35.84




	
ωPmax

	
−34.78

	
−31.54

	
−31.05

	
−30.77

	
−30.55




	
Peak radial tensile stress in CFRP rim

[MPa]

	
ωPmin

	
0.0

	
0.001

	
0.010

	
0.012

	
0.014




	
ωPint

	
10.19

	
10.35

	
10.37

	
10.38

	
10.39




	
ωPmax

	
35.33

	
35.26

	
35.24

	
35.23

	
35.22




	
Peak circumferential stress in CFRP rim [MPa]

	
ωPmin

	
207.9

	
207.3

	
207.2

	
207.1

	
207.1




	
ωPint

	
426.8

	
420.2

	
419.3

	
418.7

	
418.3




	
ωPmax

	
816.7

	
800.9

	
798.4

	
797.0

	
795.9




	
SR for aluminum hub

[/]

	
ωPmin

	
0.271

	
0.256

	
0.255

	
0.253

	
0.253




	
ωPint

	
0.044

	
0.056

	
0.057

	
0.058

	
0.059




	
ωPmax

	
0.524

	
0.550

	
0.554

	
0.556

	
0.557




	
SR for CFRP rim

[/]

	
ωPmin

	
0.160

	
0.155

	
0.154

	
0.153

	
0.153




	
ωPint

	
0.242

	
0.236

	
0.235

	
0.235

	
0.234




	
ωPmax

	
0.760

	
0.740

	
0.737

	
0.735

	
0.734
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