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CALCULATION  
ABSTRACT: 
Nowadays, the energy storage is a fundamental aspect 
and there exists so many ways to do it. One of these 
ways, is the energy storage associated to rotational 
kinetic energy, better known like Flywheel Energy 
Storage (FES). FES is a complex system formed by 
different subsystems, and the most important of these 
subsystems is the rotor because it´s the element that 
enabled performs the function of storing energy. 
Rotor’s can be classified into two types: the rotors 
made with metal and the rotors made with composites. 
This article exposes a comparison between different 
settings of rotors to demonstrate the advantage of the 
use of composites comparing with the use of metals, 
especially in terms of energy density. 
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RESUMEN:  
La acumulación de energía es un aspecto fundamental en la 
época que vivimos y existen numerosas formas de llevarla a 
cabo. Una de estas formas es la acumulación en forma de 
energía cinética de rotación, en lo que se conoce como 
acumuladores cinéticos: Flywheel Energy Storage (FES). Los 
acumuladores cinéticos (FES) son sistemas complejos que aúnan 
una serie de subsistemas, pero el más importante de todos estos 
es el relativo al rotor, que es el elemento que permite desempeñar 
la función principal de acumular energía. Los rotores se pueden 
clasificar en dos: los que hacen uso de materiales metálicos y los 
que utilizan materiales compuestos. En este artículo se expone 
una comparativa llevada a cabo entre diferentes configuraciones 
de rotores que permite corroborar la ventaja que presentan los 
rotores de materiales compuestos con respecto a los metálicos, 
en términos de capacidad energética específica 

Palabras Clave: Rotor; Flywheel Energy Storage; tensional; 
acumuladores cinéticos; compuestos 

1. INTRODUCTION TO FES

In the current era there is an important necessity of systems which store energy, and proof of this is the high quantity of 
technologies or systems existing for this purpose [1]. Although, not all technologies can be compared because each one 
presents a different field of application, depending on parameters like the quantity of stored energy, full time download, 
etc. 
One of these technologies is the FES, which began to be investigated at the end of the 60´s when it arose a concern for 
the environment. At the beginning of the 70´s NASA subsidized a research program that aimed to use flywheels (FES) 
for satellites like an energy storage system. The FES are systems oriented to the storage of energy and differ to the other 
technologies because the stored energy is associated with the rotational kinetic energy of a mass. The advantages 
associated with this technology are [2-4]: 

• High power density
• Short response time
• High cycle life
• There is no loss of energetic capacity
• It isn´t vulnerable to full discharge cycles.
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But like all technologies, presents a few disadvantages: 
• Low energy density.
• High dangerous level.
• Limited time to store energy.

Although this type of technology isn´t very known, compared to other technologies like Supercapacitors or Lithium-ion 
battery, this technology, is present in some applications like light rail transit [5] or electric grid [6] and in other more 
important applications like satellites [7]. 
The FES are complex systems which present multitude of possibilities regarding integrated elements, so there is a set of 
basic elements for all configurations: 
-Rotor: This element enables the function to store energy. In most cases the rotor has a cylindrical geometry. In rotors
made out of composite materials, filament winding is the most used manufactured process.
-Shell: This element enables two functions [2]. First, it will establish a containment barrier for malfunction during
operation time. Second, it will establish a closed volume into the system in which it will apply vacuum conditions
for the purpose of minimizing the aerodynamic drag.
-Suspension System: It will absorb dynamics and static loads. For the implementation of this system there exists
different ways. On one hand, the use of bearing is appropriate for applications with a low maximum angular velocity
because this type of element has the inconvenient of high friction and low life [8]. On the other hand, the use of
magnetic bearing is appropriate for applications with high angular velocity performance because it has the advantage of
lower friction.
-Transmission: It will be enabled to accelerate and decelerate the rotor, and it will be electric [1] or mechanic [9].
For the development of this technology, it is contingent to advance in composites. This explain why this type of
technology suffers periods of low research. Nowadays, the researchers are slowly beginning another period of high
activity due to the progress in new composites materials with high strength like carbon nanotubes [10].

2. ROTOR

While it´s true that there are various elements that compose FES system, the most important of all of them is the rotor. 
The rotor’s capacity to store energy, is associated with the rotational kinetic energy of a mass (1) [11]: 

  ( 1 ) 

In the previous equation, the most important parameter will be the maximum spin velocity ( , not because it 
presents a quadratic dependency, but because this directly depends on the strength of materials. Cause of this, it is 
important to know stresses in a rotor. Rotor’s stresses will be mainly of two types [12-13]: 
-Mechanical stresses: This type of stresses originates in the operational phase.

• Stresses due to centrifugal force
• Stresses due to angular acceleration
• Stresses due to gravity.
• Stresses due to gyroscopic moments

-Residual Stresses: This type of stresses are related to the use of composite materials and are characterized to be
permanent into the material.
Thermal stresses originated during the curing process
Stresses due to moisture absorption
Stresses due to prestress of fibers.
Stresses due to press fitting
Once shown the different stresses, it should be noted that not all influence is equal over global state of stresses. Stresses
due to centrifugal force are the most influential as shown by Giancarlo Genta in his book “Theory and Practice of
Advanced Flywheel Systems “[14].
Then, it will be exposed the analytical calculation necessary to calculate the generated state of stress due to centrifugal
force, and to achieve this three fundamental equations must be used:
-Hooke’s law in cylindrical coordinates for anorthotropic material.
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 ( 2 ) 

-Differential equations of equilibrium in polar coordinates 
Circumferential direction 

 
 

( 3 ) 

Radial direction 

 
  ( 4 ) 

-Compatibility equations in polar coordinates 

 
  ( 5 ) 

 
  ( 6 ) 

 
( 7 ) 

Considering the resolution process used in the articles [12, 13, 15], to find the stress problem solution, it will follow the 
scheme exposed in Figure 1. 
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Figure 1- Scheme used to do the rotor stress analysis due to centrifugal forces. 

Under this scheme, the following equations will be obtained: 
Plane stress 

 
  ( 8 ) 

 
  ( 9 ) 

 
( 10 ) 

 
( 11 ) 

Plane strain 

 
( 12 ) 

 
( 13 ) 

 
( 14 ) 

 
( 15 ) 

 
( 16 ) 
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( 17 ) 

 
( 18 ) 

 
( 19 ) 

Constants C and D values will be obtained by boundary conditions (solid rotor or multilayer rotor). 
This same resolution process can be applied to calculate the following stresses too: 
-Stresses due to angular acceleration. 
-Thermal stresses originated during the curing process  
-Stresses due to moisture absorption 
 
3. ROTOR´S COMPARATIVE  
 
Once introduced the flywheel technology and shown the equations needed to calculate the stress state of a rotor, then it 
will be exposed the main objective of this study. 
There exists two different fields of research studies for rotors depending on the following parameters: geometry designs 
and materials. While in the researches of the first parameter, this is oriented to know how it influences geometry in 
energy storage and develops an optimization shape [16], the second parameter is focused on the selection of materials 
(comparatives between materials). Although, there exists different articles in which they compare different materials for 
a same rotor’s design [13], in most of these articles the comparative is related to a same type of material (composites or 
metals), and there aren´t so many articles that face both types of materials. Due to the lack of this type of article, in this 
study, the authors want to perform a comparative between different materials with the aim to demonstrate the 
advantages and disadvantages of composites and metals in rotors. 
Before showing the comparative’s result, it will be important to know and remark some considerations: 

• Pre-established outer dimensions: In the comparison, it will be used common outer dimensions (outer diameter = 
400[mm] and disc thickness = 100[mm]) for all study cases. These dimensions will allow considering plane stress. 
Also, this consideration allows comparing performance of different materials for an equal volume. 

• Rotor´s geometry [17]: If it´s true that the maximum angular velocity is an important factor for the energetic 
capacity, but also geometry of a rotor has a high impact over this feature as shown in many articles like [18]. In the 
book “Theory and Practice of Advanced Flywheel Systems“ by Giancarlo Genta [14], it introduces the shape factor 
(k), that allows to determinate the percentage of specific energy which can develop a rotor in function of it´s 
geometry. If a geometry has k=1, this mean that all points of material have the same stress state. In our research it 
won´t work with this factor because it doesn´t consider the feasibility of a geometry in terms of manufacture. This 
is the reason why cylindrical geometry is the most extended geometry to manufacture a rotor. 

• To calculate the energy capacity of the rotor, it will be considered . It will be chosen this value and no 
other because it´s important to know that the  motor/generator shows a low efficiency with low revs, and because of 
this, the value of minimum velocity showed previously, will allow to maintain high efficiency with only losing a 
quarter of the maximum rotor’s energy capacity [15]. 

• In the comparison, there will be used only the stresses due to centrifugal force and thermal stresses. Then, it’s 
explained why it will not be used other stresses: 
• Stresses due to angular acceleration: It won’t be used because these stresses have a minimum impact over 

global solutions. Also, this type of stress is mostly related with transmission system and with parameters like 
response time or the power of the FES. 

• Stresses due to gravity: Low impact over global solution [14]. 
• Stresses due to gyroscopic moments: In static applications, this type of stress has a very low impact, but in 

mobile applications the impact can be much greater. To solve the last problem, it´s necessary to assemble the 
system on a gimbal. It will be supposed static applications. 
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 Stresses due to moisture absorption: These generate radial compression stresses. Because it is favorable to 
rotor´s performance, it won’t be used. 

 Pre-Stresses: This type of stress appear in rotors made out of composite materials during filament winding 
process. It’s used to introduce a compression state with the purpose of improving the rotor’s performance. It 
won’t be used because of it´s favorable character. 

 Stresses due to press fitting: This type of stress is present in multilayer rotors and generates a radial 
compression state, favorable for rotor’s performance. It will not be used because of it´s favorable character. 

 
• It will be used a safety coefficient n=2, thinking on a calculation guided to fatigue design.  
• It will be used two different materials in this comparison: metals and composites. The properties of materials are 

shown in Table 1. 

Table 1- Material`s properties used in the comparison. 

METALS PROPERTIES 

 
AISI 4340[19] Ti-6Al-4V[19] AISI 1020[19] 

Aluminum 
7075-T6[19] 

Young Modulus, E[GPa] 210 113.8 186 71.7 

Shear modulus, G [GPA] 80 44 72 26.9 

Poisson 0.28 0.342 0.29 0.33 

Yield    strength,σy[MPa] 470 880 281 370 

Density, ρ[kg/m3] 7850 4430 7870 2810 

COMPOSITE PROPERTIES 

 S2/Epon9405 [ 13] T300/2500 [18] T800H/2500 [18] 

Eθ[GPa] 61 130 155 

Er[GPa] 18 9 9 

νrθ 0.28 0.3 0.3 

α r  x 10-6[1/k] 13.7 28.1 28.1 

αθ x 10-6[1/k] 4.7 -0.3 -0.3 

∆T[k] -100 -100 -100 

X[MPa] 2300 1800 2900 

Xc[MPa] 2300 1400 1600 

Y[MPa] 62.6 80 70 

Yc[MPa] 147 168 168 

Density [kg/m3] 2085 1600 1600 

 
• It will be supposed solid rotors with the use of metals shown in Table 1. For this material, it will be used Von 

Misses criterion (20) as design checker. 

 
  ( 20 ) 
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• For composite cases, it will be used a rotor’s design composed with a rim (Figure 2) and concentric composites 
rings.  

 

Figure 2- Rim dimensions. 

The rim has been designed (Figure 2) to make the comparison more realistic. The rim properties have been obtained 
with a CAE software [20] (Table 2) and will be suitable for calculating constants C and D in the stress equation (10-11). 
The rim properties are important because depending on the rim design, it will be obtained radial stresses with a 
compressive or tractive value in the inner rotor’s surface, as shown in [13]. 

Table 2- Characteristic parameters of the Rim. 

Material Aluminum 7075-T6 
me[kg/m]-Mass per unit length 1.16 
Kr(w)[N/m]-Radial stiffness (2E11) (w-1.02) 

Wmax[rad/s] with n=2 3490 
M Maximum reduction[Nm] for Wmax 1000 

 
For composite materials, it will be used Tsai-Wu criterion (21-27) as design checker. 

 
( 21 ) 

 
( 22 ) 

 
( 23 ) 

 
( 24 ) 

 
( 25) 

 
( 26 ) 

 
( 27 ) 

 
In this comparison, there will be developed four different cases: 

 Case 1: Metallic rotors 
 Case 2: Composite rotors/1-Layer. 
 Case 3: Composite rotors/2-Layer. 
 Case 4: Composite rotors/3-Layer. 
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4. COMPARATIVE RESULTS  
 
In this section, it will be shown results obtained in research (Table 3), and then it will be remarked the most important 
and interesting data of the values obtained in the comparison: 
X1: Energy capacity 
X2: Energy density 
rm1/ rm2: Outer radius of composites rings for cases of two and three layers. 
I: Inertia of rotor 

Table 3- Results of characteristic parameters of all cases in the study. 

 rm1/ rm2  [m] Wmax [rad/s] I [kgm2] X1 [Wh] X2 [Wh/kg] 
AISI 1020 -/- 1041 1.9778 223 2.55 
AISI 4340 -/- 1695 1.9729 590 5.98 
Ti-6Al-4V -/- 2438 1.113 688 12.3 
Aluminum 7075-T6 -/- 2312 0.7062 393 11 

S2 -/- 1410 0.515 106 4.608 
T300 -/- 1660 0.397 113.9 6.31 
T800 -/- 1590 0.397 104 5.789 

S2-T300 0.144/- 2390 0.427 253 12.54 
S2-T800 0.146/- 2530 0.428 285.59 14.053 
T300-S2 0.18/- 1610 0.439 118.5 6.16 

T300-T800 0.145/- 2200 0.396 200 11.08 
T800-S2 0.18/- 1540 0.439 109 5.67 

T800-T300 0.14/- 2024 0.396 169.3 9.38 
S2-T300-S2 0.152/0.185 2025 0.467 199.49 9.289 

S2-T300-T800 0.135/0.166 2620 0.419 299.6 15.09 
S2-T800-S2 0.153/0.185 2075 0.468 209.9 9.755 

S2-T800-T300 0.145/0.18 2510 0.427 280 13.83 
T300-S2-T300 0.12/0.136 2075 0.407 183 9.77 
T300-S2-T800 0.121/0.138 2185 0.408 202.9 10.84 
T300-T800-S2 0.153/0.185 1955 0.429 170.9 9.03 

T300-T800-T300 0.14/0.162 2200 0.397 200 11.08 
T800-S2-T300 0.117/0.132 2015 0.406 171.5 9.21 
T800-S2-T800 0.121/0.136 2125 0.406 191 10.26 
T800-T300-S2 0.143/0.185 1870 0.429 156 8.26 

T800-T300-T800 0.131/0.155 2250 0.397 209 11.59 

Looking at the previous tables, it´s important to highlight some appreciations: 
- In terms of energy stored, considering that the comparative is based on the same volume criteria, the best 
configuration is Ti-6Al-4V. 
- In the second case of study, it´s important to remark the difference between energy capacity for T300 and T800 setup. 
Observing the material properties of used composites shown in Table 3, in a priori judgement it would be feasible to 
think T800 will exhibit better technical properties of the rotor than T300 material, because it presents better material 
properties, except for strength in the perpendicular fiber direction. To find the cause of this difference, two setups will 
be submitted to the same angular velocity, and then we will study how stresses and failure factor evolve. 

Figure 3 shows the evolve of stresses and it can be observed that both cases present similar results.  
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Figure 3- Evolve of radial and circumferential stress for the following material setups: T300-2500 y T800H-2500. 

Considering the above results, then the failure factor will be analyzed. To start the analysis, the Tsai-Wu criterion will 
be shown particularized for the present case of study (20). 

 ( 28 ) 

Now, this equation will be divided in three summands: 

   ( 29 ) 

In the last expression, the three terms will be named: 
Circumferential Term  
Radial Term  
Mixed Term=  
Figure 4 shows the evolution of Tsai-Wu criterion, taking into account the three terms defined previously. Observing 
this figure we can see, for the same angular velocity, that radial term of failure factor is higher in T800 than on the T300 
setup.  Considering that the radial stresses have the same value approximately, the difference in the radial term should 
correspond to the value of and  constants. These constants will have a different value depending on the strength in 
the perpendicular fiber direction (24-25). It concludes that the difference between both setups is caused by the worse 
radial strength. 

 
Figure 4- Evolve of Tsai-Wu criterion for the following material setups: T300-2500 y T800H-2500. 

The previous figure also demonstrates an important aspect in the design of rotors made out of composite processed by 
filament winding, and it’s the fact that the radial stresses are the critical point of the design. The main limitation of 
composites is their high difference in terms of resistance, in the parallel and perpendicular fiber direction. This 
limitation affects directly to the energy capacity of this type of rotors, although anyway the rotors that use this type of 
material are the ones that get better results currently. 
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-Another aspect that is important to remark in the comparative results, is the good results of multilayer setups. This can 
be observed if the results of the following setups are compared: S2, S2-T300 y S2-T300-T800, in which there exists an 
increasing trend in energy capacity as the number of layers increases .However, the implementation of multilayer setups 
doesn´t have to offer better results in any case. One example of this can be observed if the results of S2-T800 and S2-
T800-S2 setups shown in Table 3 are compared, the first get better results than the second. The latter fact introduces an 
important aspect to consider in the multilayer rotor design, and it’s the layer order. To easily prove  the importance of  
the layers´ order, just analyze the energy capacity of S2-T300-T800 and T800-T300-S2 setups shown in Table 3, which 
use the same materials but with an inverse layer order, and being able to observe that first gets higher results than the 
second. If it is compared more setups that use the same material layers but in inverse order, and considering the value of 
mechanical properties of material, it can be concluded that when a multilayer rotor is designed, the materials with 
higher radial stiffness must be placed in the inner rotor’s radio and from there it will use materials with a decrease trend 
of radial stiffness. 

-Ultimately, in the comments of comparative results, the parameter corresponding to energy density will be analyzed. 
For that, for each case of study the setups with best results in this variable will be selected to make a bar chart. 
(Figure5). In this Figure, it can be observed that the best results are obtained by three composites layers setups while the 
setup with only one layer of composite obtains the worst result. Also, it´s important to remark the good results of 
Titanium setup, although it´s difficult to arise that a real FES design uses this material to manufacture the rotor. 

 
Figure 5- Bar chart of energy density for best setups in each configuration. 

 
5. CONCLUSIONS  
 
Keep in mind the comparative results, it can be concluded: 
-Adoption of rotor setups made out of composites is useful in mobile applications in which the weight is an important 
factor like: cars, buses or satellites, because this type of material present better values of energy density as you can see 
in Table 3. 
-Adoption of rotor setups made out of metals is useful in applications on which the aim is to store the maximum 
quantity of energy for a specific volume and the weight is not important. In other words, this type of setup is appropriate 
for static applications, for example electric grid. 
-In the design of composite rotor it´s advisable, and in some cases required, the use of multilayer setups with the aim of 
maximizing the energy capacity for an equal volume. 
Considering the results of this comparative, it´s important to remark that the possible future of this technology is 
associated with the discovery of new materials which present a high ratio between strength and density. In the particular 
case of composites, it would be interesting to find ways to increase the value of fiber strength in the perpendicular 
direction, because it has been proved along this text that this parameter limits the maximum angular velocity (associated 
directly with performance as shown in equation (1))in order to improve the performance of FES. 
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