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Abstract 

Design, Analysis, and Testing of Large Capacity Kinetic Energy Storage Systems 

by 

Siyuan Xin 

Doctor of Philosophy in Engineering – Mechanical Engineering 

University of California, Berkeley 

Professor David Steigmann, Chair 

Global warming, climate change and pollution caused by the traditional energy generation 

technologies have become some of the biggest threats in today’s world. And the need for more 

energy is ever increasing. Development of renewable energy, such as solar and wind, as well 

as distributed smart grids are needed to replace the old energy production methods. 

Governments have set goals of increasing the proportion of clean energy generation. One major 

limiting factor of the development of renewable energy is that these energy sources is not as 

reliable and as stable as the traditional power sources to meet the energy demand. This problem 

can only be effectively solved by the use of energy storage to store excess power produced by 

the renewable energy sources. Therefore, energy storage, especially large scale energy storage 

systems, will be the key factor for enabling renewable energy to become the primary sources 

of energy. Current energy storage technologies include batteries, flywheel, supercapacitors, 

pumped hydro, and so on. But due to the issues of capacity, efficiency, life cycles or costs of 

these current energy storage technologies, a large scale energy storage system that has low cost, 

long life cycles and high efficiency is yet to be developed to be integrated with renewable 

energy generation and smart grids. In this work, the design, analysis and tests of large scale 

flywheel energy storage systems are carried out. The flywheel energy storage system will 

feature a large steel rotor. Theoretical analysis of the stress distribution of the rotor is discussed 

to give a parametric view of the key elements in the design. Material testing such as tensile 

tests, fracture toughness tests, and fatigue crack propagation tests are conducted to characterize 

the behavior of the rotor material. Finite element method is used to analyze the stress-strain 

distribution of the rotor in order to optimize the shape of the rotor and determine the rotational 

speed. Also frequency analysis using finite element method gives the dynamic response of the 

rotor. Catastrophic failure of the rotor can cause big damages and need to be prevented from 

happening. And therefore, fracture mechanics is applied to analyze the safety margin and 

estimate the lifetime of the flywheel system. Post failure analysis is also discussed in case of 

rotor failure. Energy storage efficiency is a crucial factor in order for the flywheel energy 

storage system to be applicable. The rotor is kept in low vacuum pressure to minimize 

aerodynamic drag and improve energy storage efficiency. An analytical model of aerodynamic 

drag on the rotor is developed. Experimental measurements of drag power loss on a disc rotor 

inside a controlled vacuum chamber are compared to the predicted results of the analytical 

model. Design of sub-systems such as bearings and vacuum system are discussed at the end.
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1. Introduction 

1.1 Current Electric Grid Outlook and Drawbacks.  

The need for more energy is ever increasing due to the development of households and industries. 

The worldwide demand for electricity is projected to double by 2050. [1] Meanwhile the 

conventional electric grid and power generation methods are not efficient and cause problems such 

as pollution and global warming. Currently, the electric power infrastructure generates and outputs 

power to match the load demand. Without a store energy system, the infrastructure must supply 

sufficient power capacity to the grid to meet peak demand requirements. However, during most of 

the time, the load demand is below peak and the capacity of power generation is wasted. On the 

other hand, the transmission and distribution system must also be sized to be able to satisfy power 

transfer requirements for the peak demand, and the transmission capacity is also wasted most of 

the time. Furthermore, since the demand changes frequently, to match the demand power 

generation is also continuously ramped up and down. The cyclic demand and supply reduce the 

efficiency of power plants, which results in higher fuel consumption and higher emissions per 

energy generated. To solve these problems, renewable energy sources are needed to become the 

primary energy source. However, these energy sources such as solar and wind do not deliver an 

adjustable regular power supply. They rely on the weather and climate to work effectively. 

Electricity generated from renewable sources can rarely provide immediate response to meet the 

consumption needs. In order for these new sources to become reliable and stable as the primary 

sources of energy, energy storage is a key factor that is currently missing in the power 

infrastructure. [2] 

 

1.2 The Role of Energy Storage 

Potential applications of energy storage on the electric grid include frequency regulation and load 

following where instantaneous responses are desired, as well as peak shaving and load shifting 

where capacity and efficiency of the energy storage are important. Another application of energy 

storage is for power conditioning and uninterrupted power supply (UPS). All these applications 

will enable the grid to be more reliable and stable. Among the applications, load shifting has more 

potential market because of the benefit in storing the excess energy and releasing it at when power 

generation is less than the demand. [3] Energy storage helps to decouple power generation and 

load demand, which simplify the overall power generation and transmission system of the electric 

grid. Several applications of energy storage integrated with renewable energy sources and electric 

grid demonstrates its value of providing reliability of the renewable energy generation [4] 

 

1.3 Types of Energy Storage 

Current energy storage technologies include batteries, supercapacitors, flywheels, compressed air, 

pumped hydro, and etc. For large-scale applications, the existing energy storage technologies can 

be divided into four categories: mechanical, electrical, chemical, and electrochemical. [5] An 

overview of the existing types of energy storage technologies, their applications and limitations 

are discussed in [6-11]. However, existing energy storage solutions are very expensive that it has 

not been cost-effective to be integrated with power generation and transmission system to provide 

the economic factor of serving the peak load and sufficient operating margin to meet consumer 

demands for reliability. [1] 
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1.4 Flywheel Energy Storage Background 

Flywheel has been used for hundreds of years to storage energy. [12] A flywheel is a rotor rotating 

about an axis, which stores energy in the form of kinetic energy. Electric power is transformed to 

kinetic energy of the flywheel by an electric motor which accelerate the rotation of the flywheel. 

The amount of energy that can be stored in the flywheel depends on its angular velocity and the 

moment of inertia. The faster the flywheel rotates the more energy it stores. On the other hand, the 

electric motor retrieve the kinetic energy to electric power as a generator by applying a decelerating 

torque to the flywheel. Recent development of flywheel energy storage has demonstrated its 

potential to be integrated with clean energy source and electric grid. However, most of the current 

systems are developed for frequency regulation and UPS applications. They typically feature fiber 

reinforced composite rotors built with magnetic bearings. [13-14] A low-cost large scale flywheel 

energy storage system is yet to be developed for a broader range of applications such as load 

shifting. 

1.5 Advantages and Disadvantages of Flywheel Energy Storage 

The advantages of flywheel energy storage systems include:  

 High charge and discharge rates (high power density):  The charge and discharge rates of the 

flywheel energy storage depends on the power rating of the electric motor. With design of high 

power electric motor and robust transmission between the motor and the flywheel, the flywheel 

system can store or release energy at a very high rate.  

 High efficiency: The flywheel energy storage system can have high efficiency if the sub-

systems are proper designed. To reduce drag power loss, flywheels are usually kept in a 

vacuum chamber. The energy storage efficiency is typically around 90%. [10]  

 No capacity degradation: Unlike a chemical energy storage such as batteries, flywheel energy 

storage has no capacity degradation since the mechanical properties of the rotor material 

remain the same. 

 Long lifetime of the flywheel: The lifetime of a flywheel depends on the material properties of 

the rotor as well as the cyclic load. The rotor is usually designed to operate at a maximum 

speed at which the stress level is much smaller than the yield strength of the material. The 

fatigue life of the rotor is typically over 20 years.  

 Fast response time: The fast response of flywheel energy storage system time typically in 

milliseconds makes them ideal for frequency regulation and load following. 

 Measurable state of charge: The state of charge of the flywheel energy storage system can be 

measured by the rotational speed of the rotor which is measured by the sensor in electric motor.  

 Environmental friendly, low environmental impact: The materials used in a flywheel energy 

storage system, such as steel, carbon composites, aluminum and etc., are environmental 

friendly and recyclable, which is a major advantage over batteries.  

The main disadvantage of flywheel energy storage is the standby loss. Since flywheel energy 

storage is a rotational machinery, the frictional power loss of the bearings and vacuum seals will 

always present when the flywheel is spinning. Also electric motor can also have power loss. The 

power loss can be reduced or eliminated by proper design of the sub-systems.  
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1.6 Challenges of the Technology 

Developing a large scale flywheel energy storage that can solve the problems of the current electric 

grid faces the following three challenges: 1) reducing standby loss; 2) being cost effective; 3) 

preventing catastrophic failure of rotor. For applications such as load shifting, the energy storage 

are sometimes required to hold energy for a long period of time. Therefore, reducing standby loss 

will improve the roundtrip efficiency of the energy storage system. The system needs to be cost 

effective to be integrated into the entire electric grid. Many of the existing flywheel energy storage 

systems use composite rotors and magnetic bearings. The high production cost for these 

components has kept flywheel energy storage from grid applications. Safety is always a major 

concern. Catastrophic failure of the rotor can cause massive damages which need to be prevented 

by the design. All these three challenges are addressed in this dissertation.  

1.7 Scope of Work 

In this dissertation, design, analysis and tests of a low-cost large scale flywheel energy storage 

system are carried out. The flywheel energy storage will feature a large steel rotor. Theoretical 

analysis of the stress distribution of the rotor is discussed to give a parametric view of the key 

elements of the design. Mechanical tests on the rotor material such as tensile tests, fracture 

toughness tests, and fatigue crack propagation tests are conducted to characterize the behavior of 

the rotor material. Finite element method is used to analyze the stress-strain distribution of the 

rotor in order to optimize the shape of the rotor and determine the rotational speed. Also frequency 

analysis using finite element method gives the dynamic response (resonant modes and frequencies) 

of the rotor. Catastrophic failure of the rotor can cause damaging consequences and need to be 

prevented from happening. And therefore, fracture mechanics is applied to analyze the safety 

margin and estimate the lifetime of the rotor. Post failure analysis is also discussed in case of a 

rotor failure. Energy storage efficiency is a crucial factor for this flywheel system to be applicable. 

To improve energy storage efficiency, the rotor is kept in low vacuum pressure to minimize 

aerodynamic drag. An analytical model of aerodynamic drag on the rotor is developed. 

Experimental measurements of drag power loss on a rotating disc rotor are compared to the 

prediction of the analytical model. Design of sub-systems are discussed at the end which covers 

the design and analysis of the bearings and vacuum system. This flywheel energy storage system 

has the potential to solve the reliability and stability problem of the renewable energy sources and 

be cost effective to be integrated with the electrical grid.  
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2. Rotor Mechanics and Kinematics 

Flywheel electric energy storage systems consist of a rotor with a shaft that spins rapidly within a 

robust enclosure. Electric power is converted to kinetic energy by an electric motor and stored in 

the form of the angular rotational energy of the rotor. The amount of energy storage capacity is 

determined by the geometry, material and rotational speed of the rotor. To calculate the stored 

energy, one can integrate the kinetic energy of infinitesimal volumes of a complex shaped the rotor:  

𝐸 = ∫
1

2
𝜌𝜔2𝑟2𝑑𝑉

𝑉

                                                          (2.1) 

As the rotor is spinning, the material is seeing radial and hoop stress caused by the rotational body 

force of the rotor mass as well as the torsional stress caused by the torque applied by the motor. 

The force on the rotor in the axial direction is often low compared to the other forces. Within the 

elastic regime of the material, the stress-strain relation is described by generalized Hooke’s Law: 

 𝜎𝑖 = 𝐶𝑖𝑗𝜀𝑗                                                                      (2.2) 

Where 𝜎𝑖 are the stress components, 𝜀𝑗 are the strain components, and 𝐶𝑖𝑗 is the stiffness matrix.  

[𝜎𝑗] =

[
 
 
 
 
 
𝜎1
𝜎2
𝜎3
𝜏23
𝜏31
𝜏12]
 
 
 
 
 

       [𝜀𝑖] =

[
 
 
 
 
 
𝜀1
𝜀2
𝜀3
𝛾23
𝛾31
𝛾12]
 
 
 
 
 

                                                     (2.3) 

This constitutive law can be rewritten in the form of the compliance matrix 𝑆𝑖𝑗 , where the 

compliance matrix is the inverse of the stiffness matrix [𝑆] = [𝐶]−1. 

𝜀𝑖 = 𝑆𝑖𝑗𝜎𝑗                                                                      (2.4) 

[𝑆] =

[
 
 
 
 
 
𝑆11
𝑆12
𝑆13
𝑆14
𝑆15
𝑆16

𝑆12
𝑆22
𝑆23
𝑆24
𝑆25
𝑆26

𝑆13
𝑆23
𝑆33
𝑆34
𝑆35
𝑆36

𝑆14
𝑆24
𝑆34
𝑆44
𝑆45
𝑆46

𝑆15
𝑆25
𝑆35
𝑆45
𝑆55
𝑆56

𝑆16
𝑆26
𝑆36
𝑆46
𝑆56
𝑆66]
 
 
 
 
 

                                            (2.5) 

If the rotor is axial symmetric and conditions of plane stress can be satisfied, the stress in the rotor 

is only a function of radius r. The constitutive law of the rotor material can be written as: 

[

𝜀𝜃
𝜀𝑟
𝛾𝑟𝜃

] = [𝑆] [

𝜎𝜃
𝜎𝑟
𝜏𝑟𝜃
] + 𝑇 [

𝛼𝜃
𝛼𝑟
0
] = [

1/𝐸𝜃
−𝜈𝜃𝑟/𝐸𝜃

0

−𝜈𝜃𝑟/𝐸𝜃
1/𝐸𝑟
0

0
0

1/𝐺𝜃𝑟

] [

𝜎𝜃
𝜎𝑟
𝜏𝑟𝜃
] + 𝑇 [

𝛼𝜃
𝛼𝑟
0
]          (2.6) 

The strain compatibility relation between hoop stress 𝜎ℎ and radial stress 𝜎𝑟 is expressed by: 
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𝑑(𝜎𝑟𝑟ℎ)

𝑑𝑟
− 𝜎𝜃ℎ + 𝜌𝜔

2𝑟2ℎ = 0                                                    (2.7) 

By plugging the strain compatibility relation into the constitutive law, the following second-order 

differential equation of radial stress can be achieved: 

𝑑2𝜎𝑟
𝑑𝑟2

+
𝑑𝜎𝑟
𝑑𝑟

(
3

𝑟
+
1

ℎ

𝑑ℎ

𝑑𝑟
) + 𝜎𝑟 [

1

𝑟2
(1 −

𝐸𝜃
𝐸𝑟
) +

1

𝑟
(2 + 𝜈𝜃𝑟)

1

ℎ

𝑑ℎ

𝑑𝑟
+
𝑑

𝑑𝑟
(
1

ℎ

𝑑ℎ

𝑑𝑟
)] + 𝜌𝜔2(3 + 𝜈𝜃𝑟)

+ 𝐸𝜃𝛼𝜃 [
𝑇

𝑟2
(1 −

𝛼𝑟
𝛼𝜃
) +

1

𝑟

𝑑𝑇

𝑑𝑟
] = 0                                                                            (2.8) 

2.1 Solid Disc Steel Rotor 

A solid thin disc steel rotor is a simplified case of the rotor design which provides a parametric 

analysis of the rotor kinematics. For a solid disk rotor with radius R, the energy stored is given by 

the following equation. 

𝐸 =
1

2
𝐼𝜔2 =

1

4
𝑚𝑣𝑡

2                                                             (2.9) 

where E is kinetic energy stored in the flywheel, I is moment of inertia and 𝜔 is the angular 

velocity of the flywheel. The moment of inertia for any object is a function of its shape and mass. 

For steel rotors the dominant shape is a solid cylinder giving the following expression for I: 

𝐼 =
1

2
𝑚𝑅2 =

1

2
𝜋𝜌ℎ𝑅4                                                        (2.10) 

Since the rotor is made out of isotropic material in this case, the above second order differential 

equation can be simplified as: 

𝑑2𝜎𝑟
𝑑𝑟2

+
𝑑𝜎𝑟
𝑑𝑟

(
3

𝑟
+
1

ℎ

𝑑ℎ

𝑑𝑟
) + 𝜎𝑟 [(

2 + 𝜈

𝑟
 )
1

ℎ

𝑑ℎ

𝑑𝑟
+
𝑑

𝑑𝑟
(
1

ℎ

𝑑ℎ

𝑑𝑟
)] + 𝜌𝜔2(3 + 𝜈) +

𝐸𝛼

𝑟

𝑑𝑇

𝑑𝑟
= 0   (2.11) 

Furthermore, for a disc rotor with constant thickness, the equation can be reduced to: 

𝑑2𝜎𝑟
𝑑𝑟2

+
3

𝑟

𝑑𝜎𝑟
𝑑𝑟

+ 𝜌𝜔2(3 + 𝜈) +
𝐸𝛼

𝑟

𝑑𝑇

𝑑𝑟
= 0                                    (2.12) 

Assuming no thermal effects are present. The radial stress and hoop stress are functions of the 

distance r from the location to the rotational axis which can be obtained by solving the differential 

equation above with proper boundary conditions.  

𝜎𝑟(𝑟) =
3 + 𝜈

8
𝜌𝜔2𝑅2 (1 −

𝑟2

𝑅2
)                                              (2.13) 

𝜎𝜃(𝑟) =
3 + 𝜈

8
𝜌𝜔2𝑅2 (1 −

1 + 3𝜈

3 + 𝜈
∙
𝑟2

𝑅2
)                                      (2.14) 

Torque applied by the motor also induces torsional stress 𝜏 which can be calculated by: 
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𝜏 =
𝑇𝑟

𝐽
                                                                     (2.15) 

The maximum values for both radial and hoop stress appears at the center of the rotor where r 

equals 0 is given by: 

𝜎𝑟𝑚𝑎𝑥 = 𝜎𝜃𝑚𝑎𝑥 =
3 + 𝜈

8
𝜌𝜔2𝑅2                                           (2.16) 

To determine if the rotor is safe to spin at a certain rotational speed, one can compare the maximum 

stress with the maximum principal stress or the Von Mises Stress depend on the material behavior. 

When the material is brittle, for example carbon fiber reinforced composites, maximum principal 

stress is applicable as the failure criterion. Meanwhile, for ductile materials such as steel, the Von 

Mises stress is often used as the yield criterion. For a disk rotor under plane stress,  

𝜎𝑝 =
𝜎𝑟 + 𝜎𝜃
2

± √(
𝜎𝑟 − 𝜎𝜃
2

)
2

+ 𝜏2                                         (2.17) 

𝜎𝑣 = √
(𝜎𝑟 − 𝜎𝜃)2 + (𝜎𝜃 − 𝜎𝑧)2 + (𝜎𝑧 − 𝜎𝑟)2 + 6(𝜏𝜃𝑧

2 + 𝜏𝑧𝑟2 + 𝜏𝑟𝜃
2 )

2
          (2.18) 

𝜎𝑣 = √
(𝜎𝑟 − 𝜎𝜃)2 + 𝜎 𝜃 2 + 𝜎𝑟2 + 6𝜏2

2
                                    (2.19) 

As 𝜔𝑅 equals 𝑣𝑡, the tip speed, the maximum stress caused by rotation is a function of tip speed 

of the rotor. For a disk rotor, the maximum stresses are proportional to square of tip speed if the 

material is in the elastic regime. And the equation of maximum stress can be simply written as: 

𝜎𝑟𝑚𝑎𝑥 = 𝜎𝜃𝑚𝑎𝑥 =
3 + 𝜈

8
𝜌𝑣𝑡

2 ∝ 𝑣𝑡
2                                         (2.20) 

This relation between the maximum stress and tip speed is used to represent other complex shaped 

rotors, and is a guiding rule for designing the geometry and speed of the rotor. More accurate 

calculation of the stress and strain distribution of complex shaped rotors is achieved by finite 

element analysis which will be shown in later chapters. 

2.2 Gyroscopic Moment of a Flywheel 

A flywheel spinning about a principal axis of inertia with angular velocity �̅� will react with a 

gyroscopic moment when its axis of rotation moves with an angular velocity Ω̅. The gyroscopic 

moment is given by 

𝑀𝑔̅̅ ̅̅ = 𝐽�̅� × �̅�                                                              (2.21) 

Where J is the moment of inertia of the flywheel about its axis of spin.  
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The gyroscopic moment due to the earth’s precession can create radial forces on the shafts of the 

flywheel acting on the bearings. In order to design a safe bearing system, the maximum gyroscopic 

moment need to be calculated at the maximum speed of the flywheel. And therefore, it can be 

related to the energy storage capacity of the flywheel system 𝐸𝑐. 

�̅� =
2𝐸𝑐
𝛼′′𝜔

�̅�

𝜔
× �̅�                                                          (2.22) 

where 𝛼′′ is the depth of charge and discharge factor of the energy storage system which is the 

ratio between the minimal energy and maximum energy in the system.  

The radial forces on the bearings can be calculated from the earth’s precession moment on the 

rotor. The magnitude of the forces depend on the spacing between the bearings and the bearing 

configuration.   
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3. Rotor Material Selection 

As shown in the previous chapter, the two important factors in the calculation of the energy, mass 

and speed are related to material properties such as density and yielding strength, if we define the 

volumetric energy density of the flywheel to be the stored energy per unit volume. Here we assume 

the rotor is disk shaped and made of a homogeneous isotropic material. The equation of the stored 

energy for the rotor can be re-written as shown below. The energy density for the flywheel is 

determined by the material properties of the rotor. For a disk rotor, the energy density 𝑒 (kwh/kg) 

is only related to the yielding strength and Poisson’s ratio of the material. 

𝐸 =
2𝑉𝜎𝑟𝑚𝑎𝑥
3 + 𝜈

                                                                   (3.1) 

𝑒 =
𝐸

𝑚
=
2𝜎𝑟𝑚𝑎𝑥
(3 + 𝜈)𝜌

∝
𝑆𝑦

(3 + 𝜈)𝜌
                                                       (3.2) 

Two kinds of commonly used material for flywheels are steel and carbon composites. Compact 

steel flywheels have been implemented in vehicle powertrains to keep the engine operating at a 

relative constant speed instead of turning kinetic energy of the vehicle into wasted heat on the 

brakes. Meanwhile, several research labs and companies, such as US Flywheel Systems and 

Beacon Power, have demonstrated the applications of energy storage systems using fiber 

reinforced composite flywheels. [13] 

Steel rotors are capable of storing a large amount of energy due to the high density of steel. They 

have the potential to be used for utility scale energy storage. In addition, steel can be made to be 

strong which means having a high fracture toughness by alloying and heat treatments, and thus 

steel rotors can have more tolerance of defects and impurity and therefore a long life time. 

However, due to the large weight of steel rotors, designing the sub-systems around the rotors is 

pushing the limits of many of the current technologies, and large scale flywheel energy storage 

system with steel rotors remain a design challenge. 

Composite rotors on the other hand generally are made of fiber reinforced composites that have 

high tensile strength. The usual choices of the fiber materials for composite material flywheels are 

glass fiber, carbon or aramid fiber, better known as Kevlar.  Therefore, composite rotors can rotate 

at very high speed. Also, due to the high tensile strength, composite rotors can have higher energy 

density. For applications where space is limited such as residential energy storage and automobiles, 

composite rotors are preferable. Currently composite rotors can be seen in many Uninterrupted 

Power Supply (UPS) applications where large amount of energy storage is not required.   

3.1 Material Properties 

Table 3.1 presents the material properties of commonly used materials for flywheel fabrication. 

As shown in Equation 3.2, energy density of the flywheel energy storage is related to the tensile 

strength of the material as well as the Poisson’s ratio. Carbon fiber reinforced composite rotors 

can have higher tensile strength than steel rotors, and therefore composite flywheels usually have 

higher energy density than steel flywheels. Table 3.2 gives a comparison of the energy density of 

several energy storage methods. 
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Rotor Material Density 

(𝒌𝒈/𝒎𝟑) 
Tensile Strength 

(𝑴𝑷𝒂) 

Cost  

($/𝒌𝒈) 

AISI 4340 Steel 7800 1400 1 

E glass fiber/polymer 1940 100 11.0 

S glass fiber/polymer 1800 1470 24.6 

HS carbon fiber/polymer 1520 1950 101.8 

HM carbon fiber/polymer 1510 1650 31.3 

Kevlar 49 fiber/polymer 1420 1400 20.0 

Table 3.1: Material properties of common rotor materials. [15] 

Energy Storage Energy Density (Wh/kg) 

Lithium-ion battery 80 - 200 

Lead acid 30 - 50 

Flywheel 5 - 100 

Flow battery 20 - 90 

Compressed air 3.2 - 5.5 

Table 3.2: Energy density comparison of several types of energy storage. [16-17] 

For electric grid scale applications, one of the most important parameters for energy storage is the 

ratio between energy density and unit cost which yields energy per dollar. It measures the cost 

effective of the system. In this case, steel rotors have the advantage of cost effectiveness over 

composite rotors.  

3.2 Mechanics of Rotor Materials 

Steel demonstrates isotropic behavior although its microscopic structure is non-homogeneous. On 

the other hand, composite rotors are usually made of circumferentially oriented fiber reinforced 

composite laminates which have orthotropic behavior. In terms of mechanical analysis, the 

stiffness and compliance matrix of the constitutive law for isotropic material can be simplified to 

2 elastic coefficients, elastic modulus E and Poisson’s ratio 𝜈.  

[𝜀] =
1

𝐸

[
 
 
 
 
 
1
−𝜈
−𝜈
0
0
0

−𝜈
1
−𝜈
0
0
0

−𝜈
−𝜈
1
0
0
0

0
0
0

1 + 𝜈
0
0

0
0
0
0

1 + 𝜈
0

0
0
0
0
0

1 + 𝜈]
 
 
 
 
 

[𝜎]                               (3.3) 

For orthotropic materials, the stiffness matrix has 9 elastic coefficients.  

[𝜀] =

[
 
 
 
 
 
𝑆11
𝑆12
𝑆13
0
0
0

𝑆12
𝑆22
𝑆23
0
0
0

𝑆13
𝑆23
𝑆33
0
0
0

0
0
0
𝑆44
0
0

0
0
0
0
𝑆55
0

0
0
0
0
0
𝑆66]
 
 
 
 
 

[𝜎]                                        (3.4) 

where these elastic coefficients are related to the engineering constants 𝐸1, 𝐸2, 𝐸3, 𝜈12, 𝜈13, 𝜈23, 

𝐺12 , 𝐺13 , and  𝐺23  of the composite material. The engineering constants can be measured by 
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mechanical tests and also calculated using the rules of mixture theory from the known properties 

of the fiber and matrix materials.  

To determine the engineering properties of a composite flywheel, we can divide the rotor into 

infinitesimal laminate plates shown in the Figure 3.1.    

 

Figure 3.1 Simplified model of fiber reinforced composite rotor of flywheel energy storage. 

Elastic modulus of the composite rotor in the circumferential direction 𝐸𝑐𝜃 is function of the elastic 

modulus of the fiber  𝐸𝑓  and elastic modulus of the matrix 𝐸𝑚  in the parallel model. Elastic 

modulus of the composite rotor in the radial and vertical directions 𝐸𝑐𝑟 and 𝐸𝑐𝑧 is function of the 

elastic modulus of the fiber  𝐸𝑓 and elastic modulus of the matrix 𝐸𝑚 in the series model. 

𝐸𝑐𝜃 =∑𝐸𝑖𝑣𝑖 = 𝐸𝑓𝑣𝑓 + 𝐸𝑚𝑣𝑚                                                 (3.5) 

𝐸𝑐𝑟 = 𝐸𝑐𝑧 = [∑
𝑣𝑖
𝐸𝑖
]
−1

                                                      (3.6) 

3.3 Manufacturing Process of Rotor Materials  

The manufacturing process for steel rotor starts with the casted steel ingot. The composition of the 

steel ingot are controlled to have the right amounts of the alloying elements in order to achieve the 

desired material properties though heat treatment process later. The ingot teeming are typically 

done by top pouring into tapered molds. Two other steel melting procedures that were developed 

for high quality steels are Vacuum Arc Remelting (VAR) and Electroslag Remelting (ESR). These 

procedures can guarantee less defects and higher purity in the steel ingot. [18] However, the cost 

𝒛 

𝜽 
𝒓 
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of VAR and ESR steel ingot is much higher. The steel ingot is then forged into forging dies to 

have a rough rotor geometry.  Next, the forged rotor is machined to be close to the final geometry 

of the rotor and then sent for the heat treatment process to obtain the required mechanical properties. 

The heat treatment procedure is tailored corresponding to the size and shape of the rotor to achieve 

approximately a homogenous temperature change with in the rotor. Difference heating and cooling 

rate within the rotor can lead to material property variation and cracks. After heat treatment, the 

rotor goes through another machining process to have the desired dimensions and surface finishes. 

Corrosion resistant coatings may be applied to the rotor surface to protect the rotor from corrosion.  

Most common material used in composite rotors is carbon fiber reinforced composites. The 

primary element of the composite is a carbon filament which is produced from a 

precursor polymer such as polyacrylonitrile (PAN). The precursor is first drawn or spun into 

filament yarns, using chemical and mechanical processes to initially align the polymer atoms in a 

way to enhance the final physical properties of the completed carbon fiber. [19] After drawing or 

spinning, the polymer filament yarns are then carbonized by heat to produce the final carbon fiber. 

The fibers are then surface treated and arranged into a mold in the shape of the rotor. The mold is 

filled with the matrix material usually thermosetting resin. Next, the matrix material need to be 

cured to result in hardened finished rotor. Many methods can be used for curing, including 

autoclave curing, vacuum molding (VM), resin transfer molding (RTM), resin film infusion (RFI) 

and etc. [20] 

Compared to steel rotor manufacturing, composite rotor manufacturing process involves more 

steps and higher cost. For the application of a large scale energy storage system to be integrated 

with utility grid and clean energy farms, large steel rotors have the advantages of higher energy 

storage capacity, lower cost, easier manufacturing process and recyclable materials. Therefore, 

steel rotors will be the choice for the large scale flywheel energy storage systems in this dissertation. 

  

https://en.wikipedia.org/wiki/Carbon_(fiber)#Synthesis
https://en.wikipedia.org/wiki/Polymer
https://en.wikipedia.org/wiki/Polyacrylonitrile
https://en.wikipedia.org/wiki/Spinning_(polymers)
https://en.wikipedia.org/wiki/Carbonization
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4. Materials Testing 

The previous chapter discussed the two categories of material, steel and carbon composites, which 

are commonly used for the material of the rotor in a flywheel energy storage system. For an energy 

storage system that can be integrated into the current electric grid system, large steel rotors have 

the advantages of both the capacity of storing more energy and more economic to fabricate, and 

thus are the better choice for this application. We will focus on characterizing steel rotors from 

this chapter on. Obtaining the material properties of the rotor are essential to design the geometry 

and rotational speed of the rotor. Critical properties that are important parameters in rotor design, 

such as yielding strength, ultimate tensile strength, ductility and fracture toughness, can be 

determined by conducting mechanical tests on testing samples of the rotor material. This chapter 

focuses on three mechanical tests: tensile test, fracture toughness test and fatigue crack propagation 

tests that were completed on samples of a steel rotor. Through these tests, mechanical properties 

were achieved.  

4.1 Tensile Test 

The purpose of the unidirectional tensile tests is to measure the elastic modulus, yield strength, 

tensile strength as well as elongation. These properties will be implemented into calculations and 

finite element analysis of the stress and strain distribution of the rotor which will lead to the 

determination of allowable operation speed, volume expansion and safety margins of the rotor 

design and also sub-system design. Tensile tests were conducted on “dog-bone” samples machined 

out of the rotor material block. 

During the heat treatment process of a large steel rotor, rotors go through temperature cycles. The 

thickness of the rotor can have effects on the cooling rate of the material which leads to variance 

in mechanical properties of surface material and center material. Therefore, the tensile tests 

samples were machined out of rotor material out of both surface and center of a forged test block 

which had the same thickness as the rotor. The test block went through the same forging and heat 

treatment process as the rotor, and therefore its properties should be identical to the rotor. The 

orientation of the test samples has to align with the direction of the load of the rotor which is in 

the horizontal plane. The following Figure 4.1 shows the location and orientation of the samples 

in the forged test block. Test samples were taken near the surface of the test block which is 

representative of the material at the rotor surface. The other samples were taken from the center of 

the test block corresponding to a region at the interior center of the rotor.  
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Figure 4.1: Tensile test samples machined out of a test block of rotor material. 

The samples were prepared into “dog bone” shaped specimens shown in Figure 4.2 referring to 

the requirements in ASTM Standard E8 which describes the test methods for tension testing of 

metallic metals. The drawing of the tension test sample is shown in Appendix A.  

 

Figure 4.2: Representative drawing of tensile test sample of rotor material. 

An extensometer was installed on the sample to measure the change in length of the samples to 

feed in strain calculation. The strain values were calculated by comparing the length measurement 

of the extensometer to the original gauge length of the sample. The elongation value was obtained 

by comparing the final measurement of the length of the gauge section to the original length. The 

tests were conducted under constant strain rate of 0.005 mm/mm/min. The interpreted stress-strain 

curves from the tensile test data are shown in Figure 4.3. Notice that these two curves do not 

represent the full stress-strain curve of the material samples. The extensometer only measured up 

to certain length, and therefore accurate strain values were measured up to the limit of the 

extensometer. Since the interested properties obtained from tensile tests are elastic modulus, yield 
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strength, ultimate tensile strength and elongation, strain measurement for the full stress-strain 

curve is not necessary.  

 

Figure 4.3: Rotor material tensile test data and results. 

The average values of the measured material properties are listed in Table 4.1, where the yield 

strengths were interpreted according to 0.2% offset, and the elongations were calculated based on 

the measurements of the length of the gage section of the samples. As seen in the table, the 

difference of the material properties between the center material and surface material were 

observed. The surface material is tougher than the center material in terms of higher strengths and 

higher strain to failure values. These measured mechanical properties will later be the input in the 

finite element analysis to simulate the behavior of the rotor material.  

Material 

Sample 

Elastic 

Modulus 

(GPa) 

Yield Strength 

(MPa) 

Ultimate 

Tensile 

Strength (MPa) 

Elongation or 

Strain to Failure 

(%) 

Center Sample 205 1205 1347 11 

Surface Sample 205 1259 1369 11.75% 

Table 4.1: Measured mechanical properties of rotor material from unidirectional tensile tests. 

This gradient of change in mechanical properties through the thickness of the rotor is caused by 

the difference in the cooling rate in the forging and heat treatment process. Since large rotors are 

preferable in applications of large capacity energy storage, designing the size and thickness of the 

rotor to ensure more homogeneity of material properties throughout the rotor remains a challenge 

today. 
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4.2 Fracture Toughness Test 

No material is perfect. Flaws such as impurities, voids, micro cracks and grain boundaries induced 

from the raw material and in the fabrication processes exists in the rotor material. These flaws are 

usually where fracture starts and will cause the actual fracture toughness to be lower than the 

theoretical value. By obtaining the fracture toughness value and the maximum detectable defects 

within the rotor, one can calculate the maximum allowable rotational speed of the rotor to avoid 

catastrophic failure.  

Fracture toughness, 𝐾1𝑐, is a measurement of material’s resistance to fracture for the opening mode 

(Model I) loading in linear elastic fracture mechanics (LEFM). LEFM is only valid if the nonlinear 

material deformation is confined to a small region surrounding the crack tip. It is not applicable to 

materials that exhibit time-dependent, nonlinear behavior, i.e. plastic deformation, such as 

structural steels. [21] J-integral is used as the characterizing parameter which characterizes the 

local distribution of stresses, strain and displacements at a crack tip in a nonlinear elastic solid. 

[22] 

𝐽 = − (
𝜕𝑃𝐸

𝜕𝐴
)                                                                  (4.1) 

where PE is the potential energy per unit increase in crack area A in a nonlinear elastic solid. PE 

is the difference between the strain energy stored in body 𝑈𝑠 and work done 𝑊𝐷.  

𝑃𝐸 = 𝑈𝑠 −𝑊𝐷 = ⟨

        ∫ 𝑃𝑑∆
∆

0

    𝑓𝑜𝑟 𝑓𝑖𝑥𝑒𝑑 𝑑𝑖𝑠𝑝𝑙𝑐𝑒𝑚𝑒𝑛𝑡

−∫ ∆𝑑𝑃
𝑃

0

    𝑓𝑜𝑟 𝑓𝑖𝑥𝑒𝑑 𝑙𝑜𝑎𝑑           

                      (4.2) 

J-integral can be determined by laboratory measurements of the loads and displacements. 

𝐽 = ⟨

    −∫ (
𝜕𝑃

𝜕𝐴
)
∆
𝑑∆    𝑓𝑜𝑟 𝑓𝑖𝑥𝑒𝑑 𝑑𝑖𝑠𝑝𝑙𝑎𝑐𝑒𝑚𝑒𝑛𝑡

∆

0

     ∫ (
𝜕∆

𝜕𝐴
)
𝑃
𝑑𝑃    𝑓𝑜𝑟 𝑓𝑖𝑥𝑒𝑑 𝑙𝑜𝑎𝑑                

𝑃

0

                              (4.3) 

Under elastic conditions, J-integral can be related to the stress intensity factor K by: 

𝐽 =
𝐾𝐼
2

𝐸′
+
𝐾𝐼𝐼
2

𝐸′
+
𝐾𝐼𝐼𝐼
2

𝐸′
                                                           (4.4) 

𝐸′ =
𝐸

1 − 𝜈2
                                                                 (4.5) 

Compact tension specimens were machined out of a test block corresponding to the maximum 

stress locations in the rotor which experiences the highest stress in the energy storage system. The 

test block had similar dimensions and have gone through identical heat treatment process as the 

rotor. Size, configuration and preparation of the specimens satisfied the specifications in ASTM 
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Standard E1820-01. Figure 4.4 gives a parametric view of the geometry of a compact tension 

specimen. The drawing of the compact tension specimen is shown in Appendix B.  

 

Figure 4.4: Geometry of compact tension specimen for fracture toughness test and fatigue crack 

propagation test. 

Specimens were taken from both the surface of the test block and the center of the test block 

corresponding to the highest stress locations in the rotor. Loads were applied perpendicular to 

notches and fatigue cracks in the specimens to simulate model I fracture. Test setup is shown in 

Appendix B. Loading direction and crack opening of the specimens was designed to mimic the 

loading and potential crack opening in a spinning rotor. The testing procedure and post analysis 

were conducted according to ASTM Standard E1820. The specimens were pre-cracked in fatigue 

according to ASTM E1820 7.4.5.1, and the fatigue crack length satisfied ASTM E1820 7.4.2.  J-

integral measurements versus crack growth were measured in these tests and are represented in J-

R curve shown in Figure 4.5 for one specimen. Fracture toughness 𝐽𝐼𝑐 is defined near the initiation 

of stable crack growth. 𝐽𝑄 is defined as the intersection between the J-R curve and a 0.2mm offset 

line. 𝐽𝐼𝑐 equals to 𝐽𝑄 when the specimen size requirements in ASTM E1820 A9.8 were met. 

𝐽𝐼𝑐 = 𝐽𝑄                                                                                (4.6) 

𝑤ℎ𝑒𝑛    𝐵, 𝑏𝑜 ≥
20𝐽𝑚𝑎𝑥
𝜎𝑌

                                                                 (4.7) 

𝑎𝑛𝑑    ∆𝑎𝑚𝑎𝑥 ≤ 0.25𝑏𝑜                                                                 (4.8) 
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Figure 4.5: J resistance curve from fracture toughness test of a compact tension sample of rotor 

material. 

In order to determine fracture toughness 𝐾𝐼𝑐 in accordance with these tests, it is necessary first to 

calculate a conditional result, 𝐾𝑄, and then to determine whether this result is consistent with size 

and yield strength requirements in ASTM E1820 A5.4.  

𝐾𝑄 =
𝑃𝑄𝑓 (

𝑎
𝑊)

(𝐵𝐵𝑁𝑊)1/2
                                                             (4.9) 

𝑓 (
𝑎

𝑊
) = (

𝜁

𝜍
) [𝐶0 + 𝐶1 (

𝑎

𝑊
) + 𝐶2 (

𝑎

𝑊
)
2

+ 𝐶3 (
𝑎

𝑊
)
3

+ 𝐶4 (
𝑎

𝑊
)
4

]             (4.10) 

For a compact tension C(T) specimen, the geometric parameters for stress intensity factors are: 

 

𝜻 𝝇 𝑪𝟎 𝑪𝟏 𝑪𝟐 𝑪𝟑 𝑪𝟒 

𝟐 +
𝒂

𝑾
 (1 −

𝑎

𝑊
)
3/2

 
 

0.886 

 

4.64 

 

-13.32 

 

14.72 

 

-5.6 

Table 4.2: Parameters for stress intensity factor for C(T) specimen. 

where 𝑃𝑄 is the critical load described in Figure 4.6, 𝑓 (
𝑎

𝑊
) is a dimensionless function of the size 

of the specimens, 𝐵 is specimen thickness, 𝐵𝑁 is net specimen thickness if side groove is present, 

and W is the width of the specimen. Fracture toughness 𝐾𝐼𝑐  equals to 𝐾𝑄  if and only if the 

following qualification requirements are met according to ASTM 1820-01. 

𝑱𝑸 



18 
 

𝐾𝐼𝑐 = 𝐾𝑄                                                                     (4.11) 

𝐼𝑓 𝑎𝑛𝑑 𝑜𝑛𝑙𝑦 𝑖𝑓   
𝑃𝑚𝑎𝑥
𝑃𝑄

 ≤ 1.10                                               (4.12) 

𝑎𝑛𝑑   2.5 (
𝐾𝑄
𝜎𝑌
)
2

< 𝑏𝑜                                                      (4.13) 

 

 
Figure 4.6: Definition of the critical load in fracture toughness test. 

Another way to estimate the fracture toughness of the rotor material is by converting 𝐽𝐼𝑐 using 

Equation 4.14. This method assumes the elastic conditions are valid for the material. For nonlinear 

elastic materials such as steel, it usually overestimate the fracture toughness value. 

𝐾𝐽𝐼𝑐 = √𝐸′𝐽𝐼𝑐                                                               (4.14) 

The calculated values of the fracture toughness values and J-integral values for both center and 

surface material specimens are summarized in Table 4.3. 

CT specimens 𝑱𝑰𝒄 [𝑲𝑱/𝑴
𝟐] 𝑲𝑱𝑰𝒄 [𝑴𝑷𝒂] 𝑲𝑰𝒄 [𝑴𝑷𝒂] 

Center 31 84 77 

Surface 42 98 88 

Table 4.3: Material fracture toughness tests results.  

The fracture toughness values of center material and surface material of the rotor are expected to 

have slight difference due to its heat treatment and thickness. Identical tests were repeated to obtain 

an average measurement of crack initiation stress intensity factor and fracture toughness value. 
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4.3 Fatigue Crack Propagation Test 

Most applications of energy storage systems require frequently storing and releasing energy. One 

of the advantages of flywheel energy storage is long life cycles compared to other types of energy 

storage. The rotor are usually designed to operate at a speed that the maximum stress in the rotor 

is less than the tensile strength of the material to avoid fracture. However, the rotor may still fail 

due to fatigue under cyclic load. Flaws imbedded within the material are potential sites for cracks 

development depending on the size of the flaws and the stress. Fatigue crack propagation tests 

characterize the crack propagation within a cyclic stress field.  

Four compact tension samples were made out of a test block of rotor material from both the surface 

and the center of the block. The samples were machined into compact tension specimens with 

respect to the requirements in ASTM Standard E647.7 which requires that the behavior of the 

specimen be predominantly elastic during the tests. For a C(T) specimen, the following 

requirement was met. 

𝑊 − 𝑎 ≥
4

𝜋
(
𝐾𝑚𝑎𝑥
𝜎𝑌

)
2

                                                       (4.15) 

where K represents the stress intensity factor which is defined as: 

𝐾 = 𝑓 (
𝑎

𝑊
)𝜎√𝜋𝑎                                                            (4.16) 

𝑓 (
𝑎

𝑊
) is a dimensionless geometric function of the size of the test specimen. For a C(T) specimen 

shown in Figure 4.4, this function is defined as: 

𝑓 (
𝑎

𝑊
) =

2 +
𝑎
𝑊

(1 −
𝑎
𝑊)

3/2
[0.886 + 4.64 (

𝑎

𝑊
) − 13.32 (

𝑎

𝑊
)
2

+ 14.72 (
𝑎

𝑊
)
3

− 5.60 (
𝑎

𝑊
)
4

]  (4.17) 

The tests were performed using a stress ratio of 𝑅𝑠 = 0.1 and maximum stress intensity factor 

𝐾𝑚𝑎𝑥 less than 60 𝑀𝑃𝑎√𝑚.  

𝑅𝑠 =
𝐾𝑚𝑖𝑛
𝐾𝑚𝑎𝑥

                                                                  (4.18) 

∆𝐾 = 𝐾𝑚𝑎𝑥 − 𝐾𝑚𝑖𝑛                                                        (4.19) 

The tests and analysis procedures followed the constant load amplitude tests (K-increasing) 

procedures in ASTM E647. The tests were performed under room temperature (70𝑜𝐹), and the 

relative humidity was about 25%. The loads applied on the specimens were in the haversine 

waveform at the frequency of 10 𝐻𝑧. Crack surface of the fatigue crack propagation test specimen 

is shown in Appendix B. Figure 4.7 illustrates crack length vs. N curves.  
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Figure 4.7: Fatigue crack growth curves of C(T) specimen of a rotor material. 

The crack growth rate 
𝑑𝑎

𝑑𝑁
 can be interpreted by numerically differentiating this curve.  

𝑑𝑎

𝑑𝑁
=
𝑎𝑖+1 − 𝑎𝑖
𝑁𝑖+1 − 𝑁𝑖

                                                          (4.20) 

The calculated fatigue crack growth rate 
𝑑𝑎

𝑑𝑁
 versus the change in stress intensity factor Δ𝐾 are 

plotted in Figure 4.8. The test captured the stable propagation phase of the fatigue crack. The crack 

initiation phase and the unstable accelerated crack growth phase were not obtained in this test.  

The Paris’s Law describes the power law relationship for fatigue crack growth in the stable crack 

propagation region where the fatigue crack growth rate depends only on ∆𝐾. The equation that fits 

the experimental data of the rotor material is given by: 

𝑑𝑎

𝑑𝑁
= 𝐶(∆𝐾)𝑚    [

𝑚𝑚

𝑐𝑦𝑐𝑙𝑒
]                                                   (4.21) 

𝐶 = 1.485 × 10−8    [
𝑚𝑚

𝑐𝑦𝑐𝑙𝑒 ∙ 𝑀𝑃𝑎√𝑚
]                                        (4.22) 

𝑚 = 2.827                                                                 (4.23) 

 

15.0

20.0

25.0

30.0

35.0

40.0

0 50000 100000 150000 200000

C
ra

ck
 L

en
gt

h
, a

 (
m

m
)

N (Cycles)

from dcPD

unloading compliance



21 
 

 

Figure 4.8: Fatigue crack growth behavior in rotor steel. 

A more general relationship between the crack growth rates and the stress intensity that 

characterizes the fatigue crack growth in most materials can be expressed in terms of both 𝐾𝑚𝑎𝑥 

and ∆𝐾. [23, 24] 

𝑑𝑎

𝑑𝑁
= 𝐶′(𝐾𝑚𝑎𝑥)

𝑛(∆𝐾)𝑝                                                    (4.24) 

𝑤ℎ𝑒𝑟𝑒   𝐶′ = 𝐶(1 − 𝑅)𝑛                                                   (4.25) 

𝑎𝑛𝑑    𝑛 + 𝑝 = 𝑚                                                           (4.26) 

In brittle materials, such as ceramics, the component 𝑛 is much larger than 𝑝, and the crack growth 

rate is 𝐾𝑚𝑎𝑥 controlled. In ductile materials, the component 𝑝 is much larger than 𝑛, which makes 

the crack growth rate to be ∆𝐾 controlled. Since the rotor material is ductile steel, we can ignore 

the contribution of 𝐾𝑚𝑎𝑥, and therefore the Paris’ Law is a representative equation to characterize 

the relationship between crack growth rates and stress intensity.  

This equation can be integrated from the initial crack length to critical crack length to predict the 

life cycles of the rotor, which will be shown in the later chapter.   

da/dN = 1.485E-08 ΔK2.827E+00

R² = 9.955E-01

0.00001

0.0001

0.001

0.01

10.00 100.00

d
a/

d
N

 (
m

m
/c

yc
le

)

ΔK (MPa √m)

Fatigue Specimen



22 
 

5. Rotor Stress Analysis 

Stress analysis is one of the most important steps for rotor design. Designing the geometry and 

rotational speed that minimize the stress level of the rotor can increase the safety margin against 

rotor catastrophic failure and extend the lifetime expectancy of the flywheel system. Theoretical 

analysis of stress and strain distribution of the rotor was shown in Chapter 2. However, theoretical 

calculation of stress and strain within a rotor with complex profile is very difficult since the profile 

function of the rotor geometry is usually a discrete function. Finite element method is applied in 

this chapter to calculate the stress and strain distribution within complex shaped rotors. The effect 

of heat treatment on residual stress in the rotor will be analyzed. A baseline rotor geometry for 

analysis is shown in Figure 5.1. Optimization of the rotor geometry is conducted based on the input 

of stress analysis using finite element analysis. In addition, the resonant modes and frequencies of 

the rotor are obtained by calculating eigenvalues and eigenvectors of the rotor geometry in 

dynamic analysis. Finally, comparison of a thick rotor and a rotor of many thin discs will be looked 

into. This analysis were done in Abaqus CAE as the finite element code and mesh generator.  

 

Figure 5.1: Baseline rotor geometry for flywheel energy storage. 

5.1 Effect of Heat Treatment and Residue Stress 

The rotor material is chosen to be AISI 4340 steel. Many methods of heat treatment can be created 

for 4340 steel. A typical heat treatment process involves austenitization for one hour in inert Argon 

atmosphere at temperature in the range of 870 to 1200oC followed by cooling to 870oC and 

holding for one hour before quenching. Next the material is quenched into room temperature oil, 

or ice-water, or an agitated ice-10 percent brine solution. Then tempering was carried out in Argon 

atmosphere at a temperature ranging from 200 to 450oC for usually 2 hours. [25-27] 

Due to the thickness and geometry of the rotor, the temperature distribution throughout the rotor 

may not be kept homogeneous which leads to formation of non-uniform microstructure and 

induces residual stress. A 2D transient coupled temperature-displacement finite element model 

which models the heat transfer and stress of the rotor during the heat treatment process was built 

in ABAQUS CAE to study the temperature and stress distribution versus time. The rotor was 

meshed with 1730 CPE4T elements which are 4-node plane strain thermally coupled quadrilateral 

elements that model bilinear displacement and temperature. Figure 5.2 shows the temperature 

distribution within the rotor instant after quenching the rotor from 870oC to 200oC. The heat 
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transfer coefficient of 4340 steel is a function of temperature. [28] In this finite element analysis, 

the surface heat transfer coefficient is assumed to be a constant 7 𝑘𝑊𝑚−2𝐾−1 which is taken as 

the average in the temperature range between 200𝑜𝐶 to 800𝑜𝐶. 

 

Figure 5.2: Temperature distribution in the rotor instant after quenching. 

As shown in the figure above, the temperature gradient is fairly large which leads to large stress 

and strain in the rotor. The stress is large enough that residual stress are created on the surface 

layer of the rotor. Residual stress can be modeled in the finite element model assuming the rotor 

material has homogeneous properties. Figure 5.3 shows the distribution of equivalent plastic strain 

in the rotor after quenching from 870oC to 200oC. 

 

Figure 5.3: Distribution of equivalent plastic strain within the rotor after quenching from 870 

degree C to 200 degree C. 

After the rotor returns to room temperature, residual stress exists where the material has plastically 

deformed. The surface of the rotor yielded in tension during the quenching and will have 

compressional residual stress. However, the model does not model the microstructure variance due 

to the different cooling rate throughout the rotor. A more accurate FEA model which models the 

phase changes in microstructure of the material will give a better understanding of the residual 

stress. 

5.2 Steel Rotor Finite Element Analysis 

First, consider a rotor with diameter of 70 inches and thickness of 10 inches. The rotor has top and 

bottom shafts for fitting with the bearings and vacuum seals. Radius were designed where the 

shafts meet the surfaces of the rotor as shown in Figure 5.1 for the purpose of reducing local stress 

concentration. The rotor is made of 4340 steel whose mechanical properties are summarized in 
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Table 5.1. The mechanical properties were obtained from the material tensile test shown in Chapter 

4. The rotor material is assumed to be homogeneous with the properties of the center material 

samples. These properties will be the inputs for finite element analysis to characterize the rotor 

material.  

Mechanical 

Properties 

Elastic 

Modulus 

(GPa) 

Yield 

Strength 

(MPa) 

Ultimate 

Tensile 

Strength 

(MPa) 

Elongation Thermal 

conductivity 

(W/mK) 

4340 Rotor 

Steel 
205 1200 1350 0.11 44.5 

Table 5.1: Mechanical properties of rotor material - 4340 steel. 

The linear interpolated stress vs. strain curve is shown in Figure 5.4 which is the characterizing 

model of the rotor material inputted in the finite element analysis.  

 

Figure 5.4: Linear interpolation of stress-strain curve of rotor material in finite element analysis. 

Since the rotor geometry and the loadings on the rotor are axisymmetric, the analysis can be 

simplified to 2D with properly defined boundary conditions. Therefore, the rotor is represented by 

half of a cross section of the rotor. 2D analysis has the advantage of less number of elements and 

easier for calculation.  Therefore, the mesh size of the 2D model can be much smaller than 3D 

which improves the accuracy of the analysis. The finite element model has 31831 linear 

quadrilateral elements of type CPS4R. CPS4R is a 4-node bilinear plane stress quadrilateral 

element type for reduced integration and hourglass control.  

The rotor is under centrifugal force due to rotation and therefore rotational body force 

corresponding to specific rotational speed is applied as the loading condition. The following 

boundary conditions are built into the model: (i) radial displacement on the rotation axis at 𝑟 = 0 

is zero; (ii) displacement and rotation at the center point is zero; (iii) stress at the outer radius is 
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zero. The boundary conditions and loading conditions are shown in Figure 5.5. The first two 

boundary conditions can be specified by restricting the displacement in the radial direction of the 

rotation axis to be zero and encastre at the center point shown as red in the figure.  

 

Figure 5.5: Boundary conditions and loading conditions of 2D rotor finite element analysis. 

The rotational speed of the rotor was modeled as a linear ramp function from 0 RPM to maximum 

speed when the maximum stress reached the ultimate tensile strength of the material. Figure 5.6 

(a) indicates the stress distribution of the rotor when local material yielding first initiated at the 

radius of the shafts. Three stress concentrated areas were found at the radius and at the center of 

the rotor as shown in Figure 5.6 (b). The stress shown is the Von Mises stress calculated with both 

radial stress and hoop stress as in Equation 5.1. Figure 5.6 (c) shows the equivalent plastic strain 

(PEEQ) distribution before the rotor fractures. Equivalent plastic strain is calculated by: 

𝜀𝑒
𝑝 =

2

3
√
1

2
[(𝜀11

𝑝 − 𝜀22
𝑝 )

2
+ (𝜀22

𝑝 − 𝜀33
𝑝 )

2
+ (𝜀33

𝑝 − 𝜀11
𝑝 )

2
] + [(𝜀12

𝑝 )
2
+ (𝜀23

𝑝 )
2
+ (𝜀31

𝑝 )
2
]    (5.1) 

The stress level at the radius areas is higher than at the center. Compared to a constant thickness 

disc rotor, the higher stress and larger sample volume increase the possibility of rotor failure. 

Therefore, rotor shape optimization should be considered with the goal of eliminating the stress 

concentration at the radius areas and lowering the stress level at the center. 
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Figure 5.6: Stress distribution of 2D rotor FEA model at (a) yield initiation locations; (b) stress 

concentration zones; (c) plastic Strain distribution before fracture. 

5.3 Optimization of Rotor Geometry 

Shape optimization of flywheel has been studied. As shown before, the energy density of the rotor 

is dependent on the rotor design and rotor material properties. Shape factor K is a constant defined 

to characterize the geometrical configuration of the rotor. It relates the energy density of the 

flywheel energy storage system to the material properties: 

𝑒 = 𝛼′𝛼′′𝛼′′′𝐾
𝜎𝑢
𝜌
                                                                  (5.2) 

(a) 

(b) 

(c) 
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𝛼′ is the safety factor against burst. 𝛼′′ is the depth of charge and discharge which is the ratio 

between the usable portion of the energy and the total energy capacity. And 𝛼′′′  is the ratio 

between the weight of the rotor and the weight of the entire flywheel energy storage.  

In addition, speed factor 𝜉 is defined as the ratio between the angular speed of the rotor and the 

angular speed of a thin rim that has the same outer diameter and density under the same stress. 

Several shapes of rotors as well as the corresponding shape factors and speed factors are shown in 

Figure 5.7. 

 

Figure 5.7: Possible rotor shapes and corresponding shape factors K and speed factors 𝝃. [29] 

To reduce the surface stress concentration at the radius areas and also lower the stress level at the 

center, the rotor shape is modified to have a large radius which is close to a conical disc. The finite 
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element model for this modified rotor shape used the same type of elements and kept the boundary 

and load conditions the same. Figure 5.8 shows the stress distribution within the rotor at the speed 

when the rotor first yield at the center.  

 

Figure 5.8: Finite element analysis of stress distribution within the optimized rotor shape when 

the center of the rotor first yields. 

Compared to the simple disc shape rotor, this new rotor geometry does not have the surface stress 

concentration, the stress level is lowered at the center, and the zone of yielding is smaller under 

the same rotational speed. To confirm the result of the 2D finite element analysis, a 3D FEA model 

of the rotor was built to compare the result of stress distribution at same speed. As shown in Figure 

5.9, both 2D and 3D FEA models show similar results of stress distribution. 

 

Figure 5.9: 3D finite element analysis of the rotor shows the stress distribution that are similar 

to 2D results. 

5.4 Rotor Dynamic Analysis 

Due to the dynamic nature of a fast rotating rotor, the resonance of the rotor can affect the structural 

stability of the whole flywheel energy storage system. The rotor design has to meet the requirement 

that the resonant frequency of the rotor is above the range of operating frequencies. A 3D finite 

element model of the rotor was built to calculate the dynamic response of the rotor. The model 

consisted of 77052 C3D10 elements (A 10-node quadratic tetrahedron element). Resonant 

frequencies under 200 Hz were calculated. The first resonant model is shown in figure which 

happens at the frequency of 103 Hz.  
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Figure 5.10: 3D Finite element analysis shows the first resonant model of the rotor @ 103 Hz. 

5.5 Experimental Validation of Finite Element Analysis 

Finite element analysis has shown the stress distribution in a rotor at certain speed, which 

determines the design of the shape and speed of the rotor. To evaluate the results of the finite 

element analysis, rotor need to be tested experimentally. Testing on large scale rotors to their 

maximum speeds is dangerous and costly. However, it is shown in the previously that the 

maximum stress in the rotor is a linear function of the tip speed of the rotor. And therefore, a small-

scale rotor which rotates with the same tip speed and geometry can have the same stress level. The 

following Figure 5.11 shows the FEA results of the rotational speeds of small-scale rotors at which 

their maximum stress reaches tensile strength of the 4340 steel.  

 

Figure 5.11: Rotational speeds for the maximum stress of small-scale rotors to reach tensile 

strength of 4340 steel. 

A testing system was built for testing a 5.5 inch diameter rotor. The small rotor was made out of 

4340 steel and machined to the same shape as the actual rotor. The rotor was connected to an air 
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motor with maximum speed of 100,000 rpm. The rotor was kept inside vacuum (~0.1mbar) to 

reduce the drag. Optical encoder was installed next to the shaft of the rotor to read the rotational 

speed of the rotor. The whole test system was operated inside a concrete containment to prevent 

possible damage due to rotor failure. The model of the test system and the actual built-up are shown 

in Figure 5.12.  

 

Figure 5.12: Small scale rotor testing system model and experimental setup. 

Rotational speed and vacuum pressure were feedback controlled. The control scheme of the 

system is shown in Figure 5.13. 

 

Figure 5.13: Control schematic diagram for the small scale rotor testing system. 

This test system can have the following three functions: 1) evaluating the finite element analysis 

by spinning the rotor to fracture and comparing the result with FEA model prediction; 2) 

generating S-N curve of the rotor by obtaining the lifecycles of rotors spinning up to different 
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maximum speeds; 3) evaluating the theoretical calculation of power loss due to aerodynamic drag 

on the rotor which will be shown in Chapter 7. 
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6. Failure Analysis 

A rotor with large mass rotating at a high speed has large kinetic energy.  Consequences of a 

catastrophic rotor failure can be dramatic since the broken pieces from the rotor have huge inertia 

and momentum that can break the containment and cause further damages. An understanding of 

the mechanisms of rotor failure is critical for designing flywheel energy storage system. Rotors 

can have catastrophic failure due to many causes, such as over-speeding, fatigue crack propagation, 

and subsystem failures. Typical rotor failure modes have been characterized though experimental 

works. Analysis of fracture mechanics is discussed in this chapter to relate the material properties 

and conditions to rotor failure events. Material properties obtained from material characterization 

tests in the previous chapter will be implemented into the analysis. Fracture criteria will be derived 

from the analysis to aid designers developing safer rotors. Finally, the consequences of broken 

pieces of fractured rotor penetration surrounding containments will be discussed to help the design 

of a safe containment for the flywheel energy storage.  

6.1 Failure Modes 

As shown by the analytical and finite element analysis in the previous chapter, a spinning steel 

rotor has high stress level in the center area as well as at the stress concentrated area around the 

shaft radius. Stress is the main reason for rotor failure in many aerospace and flywheel energy 

storage applications. There are two types of failure caused by stress: fracture and fatigue. High 

rotational speed can cause the stress level at certain location of the rotor to be higher than the 

tensile strength of the rotor material which leads to sudden rupture of the rotor. In addition, cyclic 

loadings due to the work load of the flywheel energy storage system can develop a fatigue crack 

in the rotor and eventually catastrophic failure.  

For both types of failure, the fracture or crack initiates at the most stresses areas. Machined features 

and interfaces such as drilled hole, groove and radius tend to develop stress concentration which 

are more prone to fracture. Steel rotors tend to break into large pieces. Studies were conducted to 

predict how rotors break and evaluate the number of fragments generated by the burst. [30-33] 

Fractures can be categorized into two main types: hoop mode and rim peel mode shown in Figure 

6.1.  

 

Figure 6.1: Failure modes of a spinning rotor a) hoop mode, b) rim peel. [34] 

The study of rotor failure modes were conducted with rotors with a center bore which induced 

stress concentration. For our interest, rotors in flywheel energy storage have top and bottom shafts 

which can also generate stress concentrated area around the shafts, and therefore the failure modes 

shown in Figure should be representative.  
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6.2 Fracture Mechanics of Rotor 

Steel rotors fracture due to an unstable crack developed under high stresses caused by high 

rotational speed. The crack initiates from defects such as micro-cracks, voids and grain boundaries 

which can induce local stress concentration around them.  

In steel, crack growth is mainly promoted ahead of the crack tip by intrinsic microstructural 

damage mechanisms. One model to characterize the stress and strain distribution ahead of the 

crack tip is given by the HRR singularity. [35] J-integral is established as a stress amplitude 

parameter within the plastic zone. The crack starts to propagate to cause fracture when J-integral 

exceed the critical value 𝐽𝐶 . In chapter 4, we have found the fracture toughness 𝐽𝐼𝑐 for the rotor 

material and the corresponding stress intensity factor 𝐾𝐽𝐼𝑐  and 𝐾𝐼𝑐 . Stress intensity factor K is 

defined as: 

𝐾 = 𝐹𝜎√𝜋𝑎                                                                          (6.1) 

Where F is a geometric function of the size and configuration of the crack in the component. [36] 

𝐹 = {
1.12    𝑓𝑜𝑟 𝑒𝑚𝑏𝑒𝑑𝑒𝑑 𝑐𝑟𝑎𝑐𝑘
1.27    𝑓𝑜𝑟 𝑠𝑢𝑟𝑓𝑎𝑐𝑒 𝑐𝑟𝑎𝑐𝑘  

                                             (6.2) 

As shown in the equation of stress intensity factor, the driven force for crack to propagate depends 

on both the stress level around the crack as wells as the crack size. To determine the burst speed 

at which the defects inside the rotor will cause the rotor fracture, the size of the defects has to be 

measured. The methods of detecting defects and flaws inside a large rotor using nondestructive 

ultrasonic inspection will be discussed later in this chapter.  

Once the initial size of the defects 𝑎𝑖 in the rotor are quantified, the stress that can cause the sudden 

fracture of the rotor 𝜎𝑓 is given by: 

𝜎𝑓 =
𝐾𝐼𝑐

𝐹√𝜋𝑎𝑖
                                                                     (6.3) 

In many cases of flywheel energy storage designs, the maximum rotational speed of the rotor is 

limited by the subsystems and design requirements. Assume the maximum rotational speed is fixed, 

and therefore, the maximum stress 𝜎𝑚𝑎𝑥 that the rotor will undertake is fixed. The critical crack 

length over which the crack becomes unstable and causes rotor fracture is given by: 

𝑎𝑐 =
1

𝜋
(
𝐾𝐼𝑐

𝐹𝜎𝑚𝑎𝑥
)
2

                                                                (6.4) 

The initial detectable defect size 𝑎𝑖 and 𝑎𝑐 will be implemented later into the estimation of the 

lifetime of the rotor. For rotor design, both yield criteria and fracture mechanics should be 

considered to determine the geometry and rotational speed of the rotor.  
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6.3 Rotor Inspection and Health Monitoring 

Flaws inside the rotor can cause rotor failure under static and cyclic loading conditions. Rotor 

inspection and health monitoring ensure the rotors to be free of flaws that could cause failure. 

Inspecting flywheel rotor is a challenge to the current inspection technologies because of the large 

thickness of the steel rotor. There are both destructive and nondestructive inspection methods that 

are able to inspect a steel rotor for defects. For rotor quality control purposes, the inspection 

method has to be nondestructive so that the inspection will not induce any damage to the rotor nor 

to cause potential failure of the rotor during operation. Several nondestructive flaw inspection 

technologies exist nowadays including the use of x-ray, ultrasound, eddy current, die penetration 

and etc. Among these methods, ultrasonic flaw inspection enables through-thickness inspection, 

and by altering the frequency of the ultrasound signal, one can detect flaws of desirable size.  

Ultrasonic flaw detection technology is based on the physics that ultrasonic waves traveling in a 

solid are reflected from flaws and generate clear eco patterns, which is completely nondestructive 

to the material. The accuracy of ultrasonic flaw detection is characterized by the minimum 

detectable flaw size. Minimum detectable flaw size 𝑑0 is defined as half the wavelength of the 

ultrasonic wave which depends on the material of the test object, the type of ultrasonic wave, and 

the frequency of the transducer as shown in the equation below: 

 𝑑0 = 𝑀𝑖𝑛𝑖𝑚𝑢𝑚 𝑑𝑒𝑡𝑒𝑐𝑡𝑎𝑏𝑙𝑒 𝑓𝑙𝑎𝑤 𝑠𝑖𝑧𝑒 =
𝜆

2
=
𝑐

2𝑓
                                  (6.5) 

where c is the speed of ultrasonic wave in the test material , and f is the frequency of the transducer.  

For our application, the rotor is made of 4340 steel. The speed of longitudinal wave in 4340 steel, 

cL, is 2.305 × 105 𝑖𝑛/𝑠𝑒𝑐.  The speed of shear wave in 4340 steel, cS, is 1.272 × 106 𝑖𝑛/𝑠𝑒𝑐.  

Longitudinal wave travels twice the speed of shear wave. Longitudinal wave provides the depth 

of inspection, and can be used to detect defects in a large sized component. While shear wave 

offers smaller minimum detectable size, it offers accurate detection of small defects. The frequency 

of the transducers used for the inspection, f, is 10 MHz.  Therefore, the minimum detectable flaw 

sizes are calculated as: 

𝑑𝑙 =
𝜆𝐿
2
=
2.305 × 105 𝑖𝑛/𝑠𝑒𝑐

2(10 𝑀𝐻𝑧)
= 0.012 𝑖𝑛 = 0.3 𝑚𝑚          𝑓𝑜𝑟 𝑙𝑜𝑛𝑔𝑖𝑡𝑢𝑑𝑖𝑛𝑎𝑙 𝑤𝑎𝑣𝑒     (6.6) 

𝑑𝑠 =
𝜆𝑆
2
=
1.272 × 105 𝑖𝑛/𝑠𝑒𝑐

2(10 𝑀𝐻𝑧)
= 0.006 𝑖𝑛 = 0.15 𝑚𝑚       𝑓𝑜𝑟 𝑠ℎ𝑒𝑎𝑟 𝑤𝑎𝑣𝑒                   (6.7) 

Flaws of different orientations were inspected by changing the angle of the ultrasonic signal. The 

inspection covered the high stress region of the rotor as shown in Figure 6.2.  
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Figure 6.2: Ultrasonic flaw inspection plan for rotor in flywheel energy storage. 

Calibrating for the ultrasound transducer and receiver was done on a reference block that were 

made of the same material as the rotor. The block was made to 10 inch by 10 inch by 1 inch to 

represent the thickness of the rotor. Nine 0.3 mm holes were machined along the 10 inch length of 

the block to simulate defects at different depth of the rotor. The rotor was firstly scanned with the 

straight beam transducer in a tight grid pattern covering more than the interested inspection volume 

shown as the yellow area in Figure 6.2 above. Then, a 60 degree angled beam transducer and a 70 

degree angled beam transducer both coupled with Lucite sound media blocks were used to detect 

vertical and angled flaws within the interested inspection volume. No feedback signals ever 

showed on the detector that were comparable to the feedback signals of the reference blocks. Later, 

to confirm the results, the rest of the volume were also inspected with straight beam and angled 

beam, and no indications of flaws were found. Therefore, the rotor does not have any flaws of 

sizes comparable to either the minimum detectable flaw size 0.3mm or the size of the side holes 

on the reference blocks. The inspection methods and procedures followed the requirements in 

AMS Standard 2154. 

𝑑0 = 𝑑𝑙 = 0.3𝑚𝑚                                                          (6.8) 

The minimal detectable flaw size 𝑑0 will be the assumption of the initial crack size 2𝑎𝑖 within the 

rotor.  

𝑎𝑖 =
𝑑0
2
                                                                     (6.9) 

6.4 Fatigue Life Analysis 

Flywheel energy storage requires the rotor to cycle between high rotational speed and low 

rotational speed. The cyclic load due to rotation can cause cracks to initiate from defects within 

the rotor and propagate until a crack grows to the critical length and causes catastrophic failure of 

the rotor. To estimate the lifetime of the rotor, we have to look into the fatigue behavior of the 

rotor materials. For steels, there are two damage mechanisms for fatigue crack propagation: 

intrinsic damage mechanisms ahead of the crack tip, and extrinsic damage mechanisms in the wake 
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of the crack. The intrinsic damage mechanisms typically involve processes of developing a plastic 

zone ahead of the crack tip as shown in Figure 6.3 where micro-cracks and micro-voids can be 

created. In addition, blunting during loading and resharpening during unloading of the crack tip 

can occur due to the nonlinear behavior of the material. [37, 38] Extrinsic shielding mechanisms 

result from the creation of inelastic zones surrounding the crack wake or from physical contact 

between the crack surfaces via wedging, bridging, sliding or the combinations of above. [39]  

 

Figure 6.3: Plastic zone developed ahead of crack tip for a hardening material. [39] 

The size of the cyclic plastic (yield) zone ahead of the fatigue crack 𝜔 is characterized by: 

𝜔 =
1

2𝜋
(
𝐾𝑚𝑎𝑥
𝜎𝑌

)
2

                                                       (6.10) 

Lifetime of the rotor is estimated based on number of cycles of operation to propagate the miminal 

detectable crack (defects) 𝑎𝑖 to failure at the critical crack size 𝑎𝑐. The Paris’ power law Equations 

4.21 – 4.23 is obtained from a fatigue crack propagation test on a compact tension specimen of the 

rotor material provides the relationship between the growth rates of the fatigue crack with the 

driving stress intensity. By integrating both sides of Equation 4.21 respectively from 0 cycle to the 

lifetime cycle and from 𝑎0 to 𝑎𝑐 for the crack length, the lifetime of the rotor can be calculated as: 

∫𝑑𝑁 = ∫
𝑑𝑎

𝐶(∆𝐾)𝑚

𝑎𝑐

𝑎𝑖

                                                   (6.11) 

𝑁𝑓 =

2(𝑎𝑐

2−𝑚
2 − 𝑎

𝑖

2−𝑚
2 )

(2 − 𝑚)𝐶(𝐹∆𝜎√𝜋)
𝑚                                              (6.12) 

To more accurately estimate lifetime of the rotor, the crack growth rates vs. stress intensity test 

data was divided into 4 segments as shown in Figure 6.4, and for each segment, the data was fitted 

with the Paris’ power law equation.  
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Figure 6.4: Segmentation of the crack growth rate vs. stress intensity data and corresponding 

Paris’ law equations. 

Segmentation of 
𝒅𝒂

𝒅𝑵
 vs. ∆𝑲 data Paris’ Law Equation 

∆𝑲 < 𝟐𝟏. 𝟐𝟓 𝑴𝑷𝒂√𝒎 𝑑𝑎

𝑑𝑁
= (5.426 × 10−9)(∆𝐾)3.168 

 

𝟐𝟏. 𝟐𝟓 𝑴𝑷𝒂√𝒎 ≤ ∆𝑲

< 𝟑𝟎. 𝟏 𝑴𝑷𝒂√𝒎 

𝑑𝑎

𝑑𝑁
= (1.433 × 10−8)(∆𝐾)2.860 

 

𝟑𝟎. 𝟏 𝑴𝑷𝒂√𝒎 ≤ ∆𝑲 < 𝟒𝟐 𝑴𝑷𝒂√𝒎 𝑑𝑎

𝑑𝑁
= (1.693 × 10−7)(∆𝐾)2.151 

 

∆𝑲 ≥ 𝟒𝟐 𝑴𝑷𝒂√𝒎 𝑑𝑎

𝑑𝑁
= (1.056 × 10−6)(∆𝐾)1.708 

 

Table 6.1: Paris’ law equations for the segmented fatigue crack propagation test data: 
𝑑𝑎

𝑑𝑁
 is in the unit of [

mm

cycle
]. 

Flywheel energy storage system is designed to operate within the range from the lowest rotational 

speed 𝜔𝑚𝑖𝑛 to the highest rotational speed 𝜔𝑚𝑎𝑥. Since the maximum stress level is proportional 

to the square of the rotational speed as shown in chapter 2, the range of stress ∆𝜎  is fixed 

corresponding to the range of rotational speed. And therefore, the variation in stress intensity factor 

∆𝐾 is given by: 

∆𝐾 = 𝐹∆𝜎√𝜋𝑎                                                            (6.13) 

𝑤ℎ𝑒𝑟𝑒    ∆𝜎 = 𝜎𝑚𝑎𝑥 − 𝜎𝑚𝑖𝑛 = (1 − 𝑅𝑠)𝜎𝑚𝑎𝑥                                (6.14) 
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∆𝐾 = (1 − 𝑅𝑠)𝐾𝑚𝑎𝑥                                                        (6.15) 

The driving force of the fatigue crack propagation ∆𝐾 is a function of the stress ratio 𝑅𝑠  and 

maximum stress intensity factor 𝐾𝑚𝑎𝑥. In other words, the design of the maximum rotational speed 

and lowest rotational speed affects the lifetime estimation of the rotor.  

For a simple disc rotor with radius of 35 inches and thickness of 10 inches made out of  4340 steel 

whose material properties are listed in chapter 5, the lifetime can be estimated by setting the stress 

ratio and maximum rotational speed. The maximum radial and hoop stresses at the maximum 

rotational speed appear in the center of the rotor and are calculated as: 

𝜎𝑟𝑚𝑎𝑥 = 𝜎𝜃𝑚𝑎𝑥 =
3 + 𝜈

8
𝜌(𝜔𝑚𝑎𝑥𝑅)

2                                           (6.16) 

Assume the stress induced by the torque applied by the motor is much smaller in amplitude than 

the radial and hoop stresses at the center. The effective stress is given by: 

𝜎𝑒 = √
(𝜎𝑟 − 𝜎𝜃)2 + 𝜎 𝜃 2 + 𝜎𝑟2 + 6𝜏2

2
=
3 + 𝜈

8
𝜌(𝜔𝑚𝑎𝑥𝑅)

2     𝑎𝑡 𝑟 = 0            (6.17) 

The range of the cyclic stress is then: 

∆𝜎 = (1 − 𝑅𝑠)𝜎𝑒                                                           (6.18) 

The critical crack length of the rotor material is also a function of the maximum rotational speed: 

𝑎𝑐 =
1

𝜋
(
𝐾𝐼𝑐
𝐹𝜎𝑒

) =
1

𝜋
[

𝐾𝐼𝑐

𝐹 (
3 + 𝜈
8 𝜌(𝜔𝑚𝑎𝑥𝑅)2)

]                                (6.19) 

Therefore, by plugging Equation 6.19 into the integration of Equation 6.12, the lifetime of this disc 

rotor can be calculated as shown in Figure 6.5. As the stress ratio 𝑅𝑠 increases, the lifetime of the 

rotor improves. On the other hand, as the maximum rotational speed increases, the lifetime 

estimation decreases. For rotor of any geometry, as long as the relationship between the stress and 

rotational speed is determined, the lifetime of the rotor can be estimated following the same 

procedures.  
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Figure 6.5: Rotor lifetime as a function of stress ratio 𝑅𝑠 and maximum roration speed. 

6.5 Post Failure Analysis 

With the analysis of fracture mechanics, sudden fracture of the rotor due to stress concentration 

and fatigue can be prevented. However, accidental failures of the rotor can still happen due to other 

reasons such as subsystem (bearings, seals) failure, deterioration of the material, control fault, and 

natural disasters. The potential damages caused by rotor catastrophic failure have to be evaluated 

in order to design safe containment for the flywheel energy storage. 

When the rotor breaks, the broken fragments adopt translator and rotational motions. The 

proportion of the rotor’s kinetic energy that is transferred to the fragments as translational energy 

and as rotational energy depends on the size of the fragments. The larger the fragments are, the 

more kinetic energy they possess.  

Steel rotors tends to break into large pieces when they fail. The fragments have large kinetic energy. 

Designing the containment structure that avoid any fragment penetration is challenging and also 

costly for large steel rotors. Therefore, flywheel energy storage systems with steel rotors are 

commonly installed in special designed vaults under the ground level. When rotors fail, the 

fragments penetrate through the vacuum chamber and impact into the surrounding soil. It is 

necessary to estimate the depth of soil penetration of the fragments to evaluate the damage of the 

rotor catastrophic failure.  
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Both experimental and analytical works have been done to characterize the earth penetration of a 

fast traveling object. [40-43] Most of the studies were done with the objective to develop effective 

earth penetrating weapons. These studies are also valid for analyzing rotor failure, since the 

fragments of the rotor also travel at similar high speeds.  

The equations to be used to predict the penetration path length into a uniform layer or half space 

of rock, concrete, or solid were given by Young. [44] 

𝐷 = 0.3 𝑆 𝑁 (
𝑊

𝐴
)
0.7

ln(1 + 2𝑉2105)     𝑓𝑜𝑟 𝑉 < 200 𝑓𝑡/ sec                     (6.20) 

D = 0.00178 S N (
W

A
)
0.7

(𝑉 − 100)     𝑓𝑜𝑟 𝑉 ≥ 200 𝑓𝑡/ sec                      (6.21) 

where D is the penetration distance in feet, S is the penetrability of target. N is the nose 

performance coefficient. W is the weight of the penetrator in pounds, and V is the impact velocity 

in feet per second. A is defined as the cross sectional area of the penetrator which is calculated 

using average body diameter.   

The nose shape of the penetrating object also affects the penetration length. As shown is the 

equation for penetration distance, N is a dimensionless coefficient that characterize the 

effectiveness of certain nose shapes of the objects. Nose shape performance coefficients were 

given by Richmond and Young. [44, 45] 

𝑁 =

{
 
 

 
 
0.56                     𝑓𝑜𝑟 𝑓𝑙𝑎𝑡 𝑛𝑜𝑠𝑒 𝑠ℎ𝑎𝑝𝑒

0.18
𝐿𝑛
𝑑
+ 0.56    𝑓𝑜𝑟 𝑜𝑔𝑖𝑣𝑒 𝑛𝑜𝑠𝑒 𝑠ℎ𝑎𝑝𝑒

0.25
𝐿𝑛
𝑑
+ 0.56    𝑓𝑜𝑟 𝑐𝑜𝑛𝑖𝑐 𝑛𝑜𝑠𝑒 𝑠ℎ𝑎𝑝𝑒

                                   (6.22) 

where 𝐿𝑛 is the length of penetrator nose in inch, and d is the diameter of penetrator in inch. For 

objects with nose shapes other than flat, ogive and conic, the nose shape is approximated with a 

flat, ogive or conic shape.  

The penetrability of target, S-number, in the penetration equation is given:  

S-number Target Description 

2 - 4 Dense, dry, cemented sand. Dry caliche. Massive gypsite and 

selenite. 

4 - 6 Gravel deposits. Sand, without cementation. Very stiff and dry 

clay. 

6 – 9 Moderately dense to loose and, no cementation, water content not 

important. 

8 - 10 Soil fill material, with the S-number range depending on 

compaction. 
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5 - 10 Silt and clay, low to medium moisture content, stiff. Water content 

dominates penetrability. 

10 - 20 Silt and clay, moist to wet. Topsoil, loose to very loose. 

20 - 30 Very soft, saturated clay. Very low shear strength. 

30 - 60 Clay marine sediments, either currently (Gulf of Mexico) or recent 

geologically (mud deposits near Wendover, Utah) 

> 60 It is likely that the penetration equations do not apply 

Table 6.2: Penetrability of targets, S-number. [44] 

To obtain an idea of soil penetration of rotor fragment, a simplified model is constructed as shown 

in Figure 6.6.  

 

Figure 6.6: Simplified rotor fragment soil penetration model. 

Assume a portion of the rotor 𝜃 breaks off. The fragments travel with a speed equals to the tip 

speed of the rotor which is 𝑉 = 𝜔𝑅. The weight and cross sectional area of the penetrator are 

calculated respectively by: 

𝑊 =
𝜃𝜌𝑅2ℎ

2
                                                                    (6.23) 

𝐴 = 2tan (
𝜃

2
)𝑅ℎ                                                               (6.24) 

The nose shape of the fragments is more close to a flat nose, and therefore the nose shape 

coefficient N equals to 0.56. Since the tip speed of the rotor is usually higher than 200 ft/sec, the 

penetration length of the rotor fragment can be estimated by: 

𝐷 ≅  0.001 S (
𝜃𝜌𝑅

4tan (
𝜃
2)
)

0.7

(𝜔𝑅 − 100)                                    (6.25) 
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The combined inaccuracy of predicted penetration length by equations (penetration equation and 

S-number equation) is about 15% to 20%.  [44] 
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7. Rotor Aerodynamics 
The velocity at the tip of the rotor at high rotational speed may exceed the speed of sound under 

ambient pressure. To increase the energy storage efficiency, the rotor is designed to be contained 

in a vacuum closure to reduce the drag loss. With a vacuum pump, the air pressure can be 

maintained at high vacuum level. However, the drag loss still accounts for a big portion of the 

power loss of the flywheel storage system. In this chapter, an analytical model for calculating drag 

loss of the rotor is discussed. The model is then compared to the experimental data obtained from 

a test of 70 inch disc rotor spinning inside a vacuum chamber. 

7.1 Analytical Model of Rotor Aerodynamics 

To simplify the problem, the rotor is assumed to be a uniform disk of radius R and thickness h and 

to be contained in a vacuum chamber that is distance d away from the surface of the rotor as shown 

in Figure 7.1. The rotor spins at an angular velocity 𝜔. 

 

Figure 7.1: Uniform thickness disc rotor model for aerodynamic drag calculation. 

In the flywheel energy storage system, the air pressure inside the vacuum chamber is maintained 

with a vacuum pump to be very low (below 1 mbar), and assume the temperature inside the 

chamber is kept around room temperature. Under these circumstances, ideal gas law can be used 

as a suitable model to describe the relation of pressure, temperature and density of air: 

𝑃

𝜌
= 𝑅𝑎𝑖𝑟𝑇, 𝑤ℎ𝑒𝑟𝑒    𝑅𝑎𝑖𝑟 = 287

𝐽

𝑘𝑔𝐾
                                        (7.1) 
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To determine the type of flow and drag, one has to know the viscosity of air flow on the surface 

which is a measurement of the flow’s resistance to deformation by shear or tensile stress. Viscosity 

is known to have a strong dependence on temperature and a weak dependence on pressure of the 

flow. As shown in the Figure 7.2 below, when temperature is fixed, the variance of dynamic 

viscosity of dry air is insignificant in a small range of pressure from 0 to ambient pressure 

(0.101325 𝑀𝑃𝑎). 

 

Figure 7.2: Dynamic viscosity of dry air as a function of pressure and temperature. [46] 

Therefore, viscosity of air is assumed to be only temperature dependent and is independent on 

pressure in this model. The viscosity values of air at different temperatures were evaluated 

experimentally and shown in Figure 7.3.  

 

Figure 7.3: Dynamic viscosity of air versus temperature @ ambient pressure. 
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A linear interpretation of the experimental data gives the relationship between temperature and 

dynamic viscosity of air.  

μ = dynamic viscosity = 4.61 × 10−8 ∙ 𝑇 + 4.71 × 10−6     [
𝑁 ∙ 𝑠

𝑚2
]               (7.2) 

Kinematic viscosity can be calculated as the ratio between the dynamic viscosity and density of 

the flow: 

ν = kinematic viscosity =
μ

ρ
                                                  (7.3) 

Reynold’s number is a dimensionless aerodynamic parameter that characterizes the different flow 

regimes within the flow. For the flywheel system, the rotor is confined in an enclosure that is very 

close to the surface of the rotor, and is spinning at a very fast speed. Therefore, calculating the 

Reynold’s number of a rotating disk is a challenge. While the typical way of calculating Reynold’s 

number of a free spinning rotor in flow is given by 

Re =
𝑣𝐿

𝜈
=
ωr2

𝜈
                                                              (7.4) 

This equation does not account for the effect of the close spaced walls of the vacuum chamber. 

The flow is restricted by the moving rotor surfaces and the walls.  

The transition Reynold’s number, Re𝑡𝑟, at which the boundary layer transits from laminar flow to 

turbulent flow is about 500. [47, 48] Therefore, the transition radius over which the boundary layer 

changes from laminar flow to turbulent flow is: 

𝑅𝑒𝑡𝑟 ≈ 500                                                                   (7.5) 

rtr = √
𝑅𝑒𝑐𝑟𝜈

𝜔
                                                                (7.6) 

To simplify the calculation of drag, the flow over the region 0 < r < rtr is defined as laminar flow, 

and the flow over the region rtr < 𝑟 < 𝑅 is turbulent flow. The actual behavior of the flow in the 

transition zone between laminar to turbulent flow is more complicated, but for the flywheel 

application the transition radius is small enough that most of the flow is turbulent, and the laminar 

flow only contributes a negligible portion to the overall drag loss of the rotor, which will be shown 

in the calculation later. The top, bottom and side surfaces of the rotor can be divided into infinite 

small flat surfaces with area dA. The total drag is calculated by integrate the drag on all the infinite 

surfaces. The drag coefficient of a flat plate parallel to the flow direction for laminar flow, Cd𝑙, 

was given by Blasius. [49] The drag coefficient for turbulent flow, Cd𝑡, was given by von Kármán. 

[50]  

Cd𝑙 =
0.664

(𝑅𝑒)0.5
    𝑓𝑜𝑟 𝑙𝑎𝑚𝑖𝑛𝑎𝑟 𝑓𝑙𝑜𝑤                                               (7.7) 
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Cd𝑡 =
0.0534

(𝑅𝑒)0.2
    𝑓𝑜𝑟 𝑡𝑢𝑟𝑏𝑢𝑙𝑒𝑛𝑡 𝑓𝑙𝑜𝑤                                            (7.8) 

Drag force experienced by a plate with area A moving through the flow can be obtained by: 

D = ∫
1

2
ρV2CddA                                                             (7.9) 

The above equation evaluates the drag force generated on both sides of the plate. For the rotor 

model, the drag force on each infinitesimal plate is only on one side, and therefore the force should 

be half. The drag force on the top surface of the rotor can be calculated by integrating the drag 

force on all infinitesimal plates. 

Dtop =
D

2
= ∫

1

4
ρV2CddA                                                  (7.10) 

The drag force on the entire rotor can be evaluated by summing the drag forces on top, bottom and 

side surfaces.  

Dtop = ∫
1

4
ρV2CdldA

rcr

0

+∫
1

4
ρV2CdtdA

R

rcr

                                  (7.11) 

Dtop = Dbottom = ∫
1

4
ρ(ωr)2

0.664

(
ωr2

ν )
0.5

rcr

0

(2πr) dr + ∫
1

4
ρ(ωr)2

0.0534

(
ωr2

ν )
0.2

R

rcr

(2πr) dr    (7.12) 

Dside =
1

4
ρ(ωR)2Cdt(2πRh)                                             (7.13) 

Dtotal = Dtop + Dbottom + Dside                                         (7.14) 

The total moment applied on the rotor due to air drag is calculated by integrating the amount of 

drag moment generated by all the infinitesimal plates and summing the moments generated on all 

the surfaces of the rotor: 

dM = r × dD                                                             (7.15) 

Mtop = Mbottom = ∫ r ×
1

2
ρV2CdldA

rcr

0

+∫ r ×
1

2
ρV2CdtdA

R

rcr

               (7.16) 

Mside = R ×
1

2
ρ(ωR)2Cdt(2πRh)                                     (7.17) 

Mtotal = Mtop +Mbottom +Mside                                     (7.18) 

Then, the loss of power due to the aerodynamic drag is given by: 

Pdrag = D ∙ V = ∫dD ∙ (ωr) = M ∙ ω                                 (7.19) 
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The loss of power due to air drag is a function of temperature and pressure of the air inside the 

chamber as well as the rotational speed of the rotor. Figure 7.4 – 7.6 show the dependence of the 

aerodynamic drag power loss on temperature, pressure and rotational speed. The figures were 

generated for a 70 inch diameter and 10 inch thick disc rotor spinning inside a vacuum chamber.  

 

Figure 7.4: Relation between power loss due to aerodynamic drag and temperature of the air 

flow. 

 

Figure 7.5: Relation between power loss due to aerodynamic drag and pressure inside the 

vacuum chamber. 
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Figure 7.6: Relation between power loss due to aerodynamic drag and rotational speed. 

The above figures give a parametric view of power loss of the rotor due to aerodynamic drag. The 

drag loss has a strong dependence on the pressure of the flow inside the vacuum chamber, and has 

a week dependence on temperature change of the flow. The drag loss is also proportional to the 

square of rotational speed of the rotor. 

7.2 Experimental Validation 

A 70 inch diameter and 10 inch thick steel disc rotor was contained inside a vacuum chamber. The 

rotor was spun up to 6000 RPM.  

 

Figure 7.7: Pressure versus rotor rotational speed in the drag power loss experiment. 
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The pressure inside the pressure chamber was controlled by a vacuum pump and measured with a 

vacuum sensor. Due to the leakage of the system and the limitation of the vacuum pump, the 

pressure in the chamber was keep around 7 mbar with a varying range between 4 mbar to 11 mbar. 

The pressure data and the rotational speed of the rotor is plotted in Figure 7.7.  

The total power loss of the system consisted of power loss of the bearing, rotary vacuum seals and 

electric motor. Power loss due to drag was calculated by subtracting the contribution of the bearing, 

vacuum seals and electric motor power loss. The theoretical model of drag power loss calculation 

of the rotor spinning under 7 mbar vacuum pressure is compared to the experimental data in Figure 

7.8. The power loss from the experimental data is higher than the theoretical model especially from 

0 to 3000 rpm which is due to the fact that the actual pressure inside the chamber was higher than 

7 mbar.  

 

Figure 7.8: Comparison of experimental data and theoretical model of aerodynamic drag power 

loss of disc rotor inside a vacuum chamber. 

  



50 
 

8. Sub-System Design and Analysis 

Sub-system of flywheel energy storage system is defined as everything other than the rotor. It 

includes bearings, vacuum system, cooling system, motor and transmissions and etc. Design of the 

sub-system is as critical as the rotor. The steel rotor has large weight and rotates at very high speed, 

and therefore puts challenge in designing the bearings. The bearings take both the axial load due 

to the weight of the rotor and radial load due to the gyroscopic moment. In order to reduce the 

power loss due to aerodynamic drag to an acceptable level, it is essential for the flywheel to operate 

in vacuum. O-ring type stationary vacuum seals as wells as rotary seals are necessary to keep the 

vacuum level low. In addition, the enclosure for the rotor not only needs to have high structural 

stiffness but also has to act as a vacuum chamber. The sub-system components create power loss. 

The performance of these components determines the energy storage efficiency and maintenance 

of the flywheel system. This chapter demonstrates the design and analysis of bearings and vacuum 

systems.  

8.1 Bearing 

The bearings in flywheel system are usually under the axial loads due to the weight of the rotor, 

radial load due to gyroscopic moment of the rotor, in some cases by the forces due to the 

transmission units and also by dynamic loads. As the combination of high loads and high speeds 

is often present, the design of bearings for large capacity flywheel energy storage is a challenge. 

At the same time, the needs to minimize the power loss and extend the life of the bearings make 

the problem more complicated.  

8.1.1 Bearing Types and Material Selection 

There are several types of bearings that can be associated with flywheel energy storage systems: 

deep groove ball bearings, angular contact ball bearings, thrust bearings and magnetic bearings. 

The selection of the bearings depends on the performance requirements and operating limitations 

of the system.  

Deep groove ball bearings have full shoulders on both sides of the raceways of the inner and outer 

rings. They can accept radial loads, thrust loads in either direction, or a combination of loads. The 

full shoulders and the cages used in deep groove bearings make them suitable for the addition of 

closures.  

Angular contact bearings have one ring shoulder removed, either from the inner or outer ring. This 

allows a larger ball complement than in comparable deep groove bearings, which gives a greater 

load capacity. Speed capacity of angular contact bearings is also greater. Angular contact bearings 

can have a contact angle typically ranging from 10𝑜  to 25𝑜 . Angular contact bearings support 

combinations of radial and thrust loading. However, they are not suitable to accept radial loads 

alone. A thrust load of sufficient magnitude must be applied to prevent the bearings from skidding. 

A single angular contact bearing can be loaded in one thrust direction only which can be an 

operating load or pre-load. 

Magnetic bearings support moving parts without physical contact. Instead, they rely on magnetic 

fields to bear the loads. However, to keep the magnetic fields. they require continuous power input 
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to keep the load stable, and thus requiring a back-up bearing in case of power or control system 

failure. Magnetic bearings have very low friction and the ability to run without lubrication or in a 

vacuum. 

Performance of the bearings depends on the material selections, manufacturing precision, size, 

configurations and so on. The comparison of performance characteristics of several types of 

bearings is shown in Table 8.1.  Ball bearings consist of inner and outer races, ball containing cage 

and the balls. Races of bearings are usually made out of chrome steel. The cage materials can be 

polyamide 66 (PA66), polyetheretherketone (PEEK), brass or others. Metal cages usually have 

higher temperature ratings than polymer or composite cages. The balls can be made out of steel or 

ceramics such as SiC. Compared to steel balls, ceramics balls have higher load capacity and impact 

tolerance.  

 Radial Load Axial Load Speed Power loss 

Deep groove bearings Good Normal High Very low 

Angular contact bearings Good Good High Low 

Thrust bearings limited Very good Low Low 

Magnetic bearings Good Good High High 

Table 8.1: Bearing types and comparison of performance of different types of bearings with 

regard to load, speed and power loss. 

8.1.2 Bearing Design Configuration 

Angular contact bearings especially can be installed in pre-loaded duplex sets, back to back (DB) 

or face to face (DF) for supporting axial loads in both directions or in tandem (DT) for additional 

load capacity. Both back to back and face to face configurations add stability to the shaft. Tandem 

configuration is usually designed to double the axial load capacity to support the heavy weight of 

the rotor.  

8.1.3 Bearing Lifetime Calculation 

The lifetime of a ball bearing considered in engineering designs is usually limited by the onset of 

fatigue, plastic deformation or the balls or spalling of the raceways, ball containing case and balls, 

assuming the bearing was properly selected and installed, effectively lubricated and protected 

against contaminants. When a bearing no longer fulfills its minimum performance requirements in 

terms of torque, vibration or elastic yield, its service life is considered to be ended. If the bearing 

remains in operation, its performance is likely to decline until the failure of the bearing. In this 

case, bearing performance is properly used as the measuring stick in determining bearing life.  

The traditional basic relationship between bearing load capacities with fatigue life is presented as: 

𝐿10 = (
𝐶

𝑃
)
3

× 106   [𝑟𝑒𝑣𝑜𝑙𝑢𝑡𝑖𝑜𝑛𝑠]                                             (8.1) 
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𝐿10 is minimum life in revolutions for 90% survival rate of a typical group of identical bearings. 

C is the basic dynamic load rating of the bearing. P is equivalent radial load given by: 

𝑃 = 𝑋𝑅 + 𝑌𝑇                                                               (8.2) 

𝑜𝑟   𝑃 = 𝑅   𝑤ℎ𝑖𝑐ℎ𝑒𝑣𝑒𝑟 𝑖𝑠 𝑔𝑟𝑒𝑎𝑡𝑒𝑟                                             (8.3) 

R is radial load. T is thrust load. X is radial load factor relating to contact angle. Y is axial load 

factor depending upon contact angle. These factors can be found in Appendix C. 

To better understanding of the causes of fatigue, the life calculation equation is modified to: 

𝐿10𝑚𝑜𝑑 = 𝐴1𝐴2𝐴3𝐿10                                                         (8.4) 

𝐴1  is statistical life reliability factor for a chosen survival rate. 𝐴2  is life modifying factor 

reflecting bearing material type and condition. 𝐴3 is application factor. Values of 𝐴1, 𝐴2, 𝐴3 can 

be find in Appendix C according to the bearing type and operating conditions. [51] 

8.2 Vacuum & Seal 

To achieve the vacuum level and reduce the drag on the rotor, vacuum pump is commonly 

equipped in flywheel energy storage system. The vacuum level inside the vacuum chamber affects 

the energy storage efficiency. When there is no leakage and outgassing of the vacuum chamber, 

the relationship between the pressure inside the vacuum chamber p and time t can be described in 

the following equation.  

𝑑𝑝

𝑑𝑡
= −

𝑆

𝑉
𝑝                                                                    (8.5) 

𝑙𝑛𝑝 = 𝑙𝑛𝑝𝑜 −
𝑆

𝑉
𝑡,   𝑤ℎ𝑒𝑟𝑒 𝑝𝑜 = 𝑝|@𝑡=0                                       (8.6) 

where S is the pump speed, V is the air volume inside the chamber. This relationship can be used 

to size the vacuum pump. [52] 

8.2.1 Outgassing 

Gas is absorbed on the surface while they are at atmospheric pressure and then desorbed slowly 

when they are under vacuum. The rate of desorption will depend on the binding energies of the 

various gases to the surface, the surface temperature, and the surface coverage.  

𝑑𝑛

𝑑𝑡
= −𝐾𝑓′(𝜃) 𝑒𝑥𝑝 (−

𝐸𝑑
𝑅𝑇
)                                                     (8.7) 

where K is a constant, 𝑓′(𝜃) is a function of surface coverage, 𝐸𝑑  is the desorption activation 

energy, R is the gas constant, and T is the temperature. [52] 

Some gas or liquid is dissolved in the material during manufacture, and slowly diffuses out under 

vacuum. The outgassing due to this mechanism depends on the nature of the material, its 

temperature, the solubility of the gas, and its rate of diffusion. The solution to relate diffusion to 

outgassing rate of unit area is given by Lewin [53]: 
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𝑐(𝑥, 𝑡) = 𝐶0𝑒𝑟𝑓 [𝑥/2(𝐷𝑡)
1
2]                                                     (8.8) 

𝑞 = 𝐷 (
𝜕𝑐

𝜕𝑥
)
𝑥=0

= 𝐶0𝐷
1/2(𝜋𝑡)−1/2                                             (8.9) 

In addition, gas may be evolved after permeating through the walls of the vacuum chamber and 

seals. This mechanism depends on the nature of the material and on the thickness of the part. 

Plastics and rubbers usually have higher permeation rate that metals and therefore are not 

recommended for high vacuum level. Outgassing rates of some commonly used materials in 

vacuum systems are listed in Table 8.2. 

Materials Outgassing Rate @ room temperature 

𝐭𝐨𝐫𝐫 ∙ 𝐥𝐢𝐭𝐞𝐫 ∙ 𝐬𝐞𝐜−𝟏 ∙ 𝐜𝐦−𝟐 

AL 6061 T4 1 × 10−14 

Copper 2.3 × 10−6 

Stainless Steel 304 5 × 10−12 − 1.5 × 10−9 
Viton 5 × 10−11 

Teflon 7.5 × 10−6 − 1.5 × 10−7 

Table 8.2: Outgassing rates of possibly used materials for vacuum system in flywheel energy 

storage system at room temperature. [54] 

8.2.2 Vacuum Pump 

Vacuum pumps can be categorized by their ultimate vacuum level. There are four typical 

vacuum/pressure regimes for vacuum pumps:  

Pressure Regime Vacuum Level (torr) 

coarse vacuum 760 – 1 

rough vacuum 1 - 10−3 

high vacuum 10−4 - 10−8 

ultra-high vacuum 10−9 – 10−12 

Table 8.3: Typical vacuum/pressure regimes of vacuum pumps. 

For each pressure regime, there are several vacuum technologies that could achieve the vacuum 

level. The commonly used types of vacuum pumps are rotary vane pump, scroll pump, diaphragm 

pump, piston pump, and turbo pump. Rotary vane pump is usually used as a roughing pump. It has 

the advantages such as cheaper cost and relatively large flow rate. However, it is an oil based type 

of pump, and therefore will emit oil vapor. Oil recirculation system is often equipped with the 

rotary vane pump to trap oil vapor and recirculate into the oil reservoir. Regular maintenance such 

as adding oil and changing oil filter is required for this type of pump. Scroll pump is similar to 

rotary vane pump in terms of ultimate vacuum level and flow rate. It is an oil-free dry pump which 

does not require oil recirculation. However, the scroll o-ring also need regular maintenance to keep 

the ultimate vacuum level. Diaphragm pump is also a dry pump which is often used in laboratory 

environments. The advantages of diaphragm pumps are that they are oil free and are very quiet. 

The disadvantage of diaphragm pump is its limited flow rate.  When high vacuum level is required 

in some flywheel energy storage system, piston pump or turbo pump can be considered as a second 
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stage pump. They can reach very low vacuum level below the rough vacuum level and have large 

flow rate.  

8.2.3 Seals 

Vacuum seal is a critical part of the vacuum system. The selection of the seals often determines 

the ultimate vacuum level of the system. For flywheel energy storage system, rubber O-ring type 

seals, vacuum flanges with metal gaskets, and NPT male and female threads with Teflon tape are 

the three common choices. Rubber O-ring seals are made of polymers such as Buna-N and Viton 

They are typically used for systems with vacuum levels higher than high vacuum regime because 

of the permeability of the materials and surface contact limitation. The contact surfaces are 

machined to have a surface roughness below 32 rms. For pressure below high vacuum regime, 

stainless steel ConFlat (CF) vacuum flanges and metal gaskets are often selected. The gaskets can 

be made of copper, nickel or aluminum depending on the applications.   
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9. Conclusion and Future Work 

9.1 Conclusion 

This dissertation demonstrated the fundamental design work for a large scale flywheel energy 

storage system that can be integrated with the current electrical grid system and clean energy smart 

grids. Design of the rotor is emphasized since rotor is the most critical component of the flywheel 

energy storage system, and catastrophic failure of the rotor needs to be prevented by a safe design. 

The overall work can be divided into four phases: 1) theoretical analysis and conceptual design; 2) 

material testing; 3) stress and fracture mechanics analysis; 4) energy storage efficiency evaluation 

and sub-system design.  

Theoretical analysis of the rotor gives a parametric view of the rotor design. Stress-strain 

distribution within the rotor is related with the operating rotational speed, rotor geometry, material 

properties, energy density, and so on. The purpose of the theoretical analysis is to convert all the 

design requirements into a conceptual design of the whole flywheel energy storage system. 

Analysis of both steel rotor and composite rotor shows the difference in stress-strain distribution 

and failure mechanisms between the two kinds of rotors. For large capacity energy storage, steel 

rotor is preferred over composite rotor considering the capacity and cost of the system. A disc rotor 

is used as a representing baseline design of the rotor to be used in the conceptual design.  

Material testing on the rotor material provides mechanical properties of the material which can be 

used in design and analysis of the rotor. Three mechanical tests were conducted: tensile test, 

fracture toughness test, and fatigue crack propagation test. Material test specimens were machined 

out of a testing block of the same material as the rotor. The results of the tensile tests gave the 

elastic modulus, yield strength, ultimate tensile strength, and elongation of the rotor material, 

which were later applied in the theoretical and finite element analysis. Fracture toughness test on 

compact tension specimens measured the critical J-integral value and critical stress intensity factor 

which were used in fracture mechanics calculations to predict rotor lifetime. Fatigue crack 

propagation tests gave the relationship between crack growth rate and the loading conditions. The 

result was fitted to a mathematical model to characterize the behavior of defects or cracks in the 

rotor and estimate the lifetime cycles of the rotor. 

Finite element analysis of the rotor showed the static and dynamic response of the rotor under load. 

The FEA models were built in Abaqus CAE. First, the effects of heat treatment of the rotor were 

obtained by a transient heat transfer FEA model. Stress-strain distribution within the rotor was 

calculated for varying temperatures. Stress and strain were not uniformly distributed within the 

rotor because of the difference in cooling speed and temperature distribution. Residual stress was 

induced in the heat treatment process and was calculated in the FEA model. The model showed 

that the residual stress appears roughly 1 inch thick layer on the surface of the rotor. Stress-strain 

distribution was obtained under static rotational body force. This static FEA model can be used to 

evaluate the rotor geometric design and determine the maximum operational rotational speed. 

Optimizing the geometry of the rotor can reduce stress concentration and lower the overall stress 

state. Both 2D and 3D FEA models of the rotor showed consistent results of stress. Dynamic FEA 

model of the rotor estimated the resonant models and frequencies of the rotor and other structures 
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to make sure the resonant frequencies are above the maximum rotational speed. The results of the 

FEA models were fed back to the fracture mechanics analysis to calculate the critical crack length 

of the material. Initial crack length can be assumed to be the minimal detectable flaw size of 

ultrasonic flaw detection which is determined by the frequency of the transducer and the properties 

of rotor material. Initial crack length and critical crack length were then plugged into the fatigue 

crack propagation model to calculate the lifetime expectancy of the rotor.  

Finally, energy storage efficiency of the flywheel energy storage system was considered. To be 

applicable as an energy storage solution for the electric grid, the flywheel system needs to have 

high efficiency and low power loss. The power loss is due to electric motor loss, aerodynamic drag 

on the rotor, and sub-system components include bearings and vacuum system. Theoretical 

aerodynamic model of a rotating disc inside a containment was discussed. The model was then 

compared to experimental data of a large steel rotor rotating in a vacuum chamber. As shown, the 

drag power loss is linear to the pressure inside the chamber and to the square of the rotating speed. 

Temperature change has less significant effect on the power loss. Life expectancy and maintenance 

of the flywheel energy storage system is also determined by the lifetime of subsystem components. 

The design of bearing system with proper bearing selection and configuration can increase the 

bearing life and reduce power loss. In order to reduce the aerodynamic drag, vacuum system design 

were looked at including the effect of outgassing of the vacuum chamber, vacuum seal selection, 

and vacuum pump selection. 

9.2 Future Work 

Future work on large scale flywheel energy storage system will continue to focus on characterizing 

the rotor to prevent catastrophic failure and also increasing energy storage efficiency on system 

level. There are several topics that can be further studied in order to improve the robustness and 

gain more understanding of the design: 

1. Molecular FEA model of heat treatment: The finite element model of the residual stress in 

the rotor due to the heat treatment process has the assumption that the molecular structure 

of the rotor material is homogeneous. However during the quenching process, the sudden 

temperature change causes non-uniform cooling rate within the rotor which results in 

different microscopic structures between the surface and the center of the rotor. This 

phenomena was not modeled in the finite element model and can lead to inaccurate results 

in residual stress calculation. A molecular level finite element analysis is needed to model 

the microscopic structure variance due to the heat treatment, which will lead to better 

understanding of residual stress distribution and magnitude within the rotor. 

2. Genetic algorithm to optimize the flywheel shape vs. stress level vs. energy density: 

Genetic algorithm can be integrated with the finite element analysis to optimize the 

flywheel geometry in order to reduce the stress level but as the same time achieve the 

highest energy density. The simple disc rotor can be used as a baseline model for the 

genetic algorithm. This work will require large amounts of computing power which may 

need the assist of supercomputers.  

3. S-N experimental data: Although fatigue crack propagation model provides a conservative 

way to estimate the lifetime of the rotor, it is necessary to evaluate the life cycles of the 
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rotor versus the applied stress or maximum rotational speed. Smaller scale rotors made out 

of the same rotor material can be used as the test specimens. The experiments will require 

several small rotors cycling between zero to different maximum speeds. The S-N curve can 

be generate using the maximum speed vs. life cycles data. A simpler approach will be using 

tensile test samples of the rotor material on cyclic tensile tests to generate a representing 

S-N curve of the rotor.  

4. Development of in-situ rotor health monitoring system: An in-situ rotor health monitoring 

system can detect real-time damages inside the rotor to alert the operator before 

catastrophic failure. One way to accomplish this is to use ultrasonic flaw detection. An 

ultrasonic transducer can be attached to a robotic arm built inside the vacuum chamber. 

The arm is controlled to push the transducer to the surface of the rotor when rotor is static 

and detect flaws/cracks that are larger than the minimal detectable crack size. 
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APPENDIX A: Drawing of Material Tensile Test Sample 

 

 

Figure A.1: Drawing of dog bone tensile test sample according to requirements in ASTM 

standard E8. 
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APPENDIX B: Fracture Toughness & Fatigue Crack Propagation Tests 

The drawing of the compact tension specimens for fracture toughness test and fatigue crack 

propagation test.  

 

Figure B.1: Fracture toughness test C(T) sample drawing. 

Experiment setup of the fracture toughness test: 

 

Figure B.2: Fracture toughness test sample and test setup. 
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Figure B.3: Crack surface of a C(T) sample after fatigue crack propagation test. 
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APPENDIX C: Parameters for Bearing Life Calculation  

Load factors, X and Y for instrument bearings: [51] 

𝑻/𝒏𝒅𝟐 

Contact Angle [degrees] 

5 10 15 20 

Values of Axial Load Factor, Y 

100 3.30 2.25 1.60 1.18 

200 2.82 2.11 1.56 1.18 

400 2.46 1.95 1.52 1.18 

600 2.26 1.85 1.47 1.18 

800 2.14 1.78 1.44 1.18 

1200 1.96 1.68 1.39 1.18 

2000 1.75 1.55 1.32 1.18 

3000 1.59 1.45 1.27 1.18 

4500 1.42 1.34 1.21 1.18 

 Values of Radial Load Factor, X 

 0.56 0.46 0.44 0.43 

Table C.1: Axial load factor Y and radial load factor X for angular contact instrument 
bearings. (n is the number of balls, and d is bore diameter of the bearings.) 

𝑻/𝒏𝒅𝟐 

Contact Angle [degrees] 

5 10 15 20 25 

Values of Axial Load Factor, Y 

50 - 2.10 1.55 1.00 0.87 

100 2.35 1.90 1.49 1.00 0.87 

150 2.16 1.80 1.45 1.00 0.87 

200 2.03 1.73 1.41 1.00 0.87 

250 1.94 1.67 1.38 1.00 0.87 

300 1.86 1.62 1.36 1.00 0.87 

350 1.80 1.58 1.34 1.00 0.87 

400 1.75 1.55 1.31 1.00 0.87 

450 1.70 1.52 1.30 1.00 0.87 

500 1.67 1.49 1.28 1.00 0.87 

750 1.50 1.38 1.21 1.00 0.87 

1000 1.41 1.31 1.17 1.00 0.87 

1500 1.27 1.20 1.10 1.00 0.87 

2000 1.18 1.13 1.05 1.00 0.87 

2500 1.12 1.06 1.00 1.00 0.87 

3000 1.07 1.02 1.00 1.00 0.87 

3500 1.03 1.00 1.00 1.00 0.87 

4000 1.00 1.00 1.00 1.00 0.87 

4500 1.00 1.00 1.00 1.00 0.87 

 Values of Radial Load Factor, X 
 0.56 0.46 0.44 0.43 0.41 

Table C.2: Axial load factor Y and radial load factor X for angular contact spindle and 
turbine bearings. (n is the number of balls, and d is bore diameter of the bearings.) 
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Factors for modified bearing life calculation: [51] 

Survival Rate (%) Bearing life notation Reliability factor, 𝑨𝟏 

90 𝐿10 1.00 

95 𝐿5 0.62 

96 𝐿4 0.53 

97 𝐿3 0.44 

98 𝐿2 0.33 

99 𝐿1 0.21 

Table C.3: Reliability factor 𝐴1 for various survival rates of bearings. 

 

 440C 52100 M50 Cronidur 𝟑𝟎𝒐 

Air Melt .25X NA NA NA 

Vacuum processed NA 1.0 NA NA 

VAR (CEVM) 1.25X 1.5X NA NA 

VIM-VAR 1.5X 1.75X 2.0X NA 

PESR NA NA NA 4.0X 

Table C.4: Life modifying factor 𝐴2 for bearing life calcualtion. 

 

𝐴3 = {

4.0 × 10−10𝑛𝐶𝑁𝑈𝐶𝑝,     𝑓𝑜𝑟 𝑚𝑖𝑛𝑖𝑎𝑡𝑢𝑟𝑒 𝑎𝑛𝑑 𝑖𝑛𝑠𝑡𝑟𝑢𝑚𝑒𝑛𝑡 𝑏𝑒𝑎𝑟𝑖𝑛𝑔𝑠

8.27 × 10−11𝑛𝐶𝑁𝑈𝐶𝑝,     𝑓𝑜𝑟 𝑠𝑝𝑖𝑛𝑑𝑙𝑒 𝑎𝑛𝑑 𝑡𝑢𝑟𝑏𝑖𝑛𝑒 𝑏𝑒𝑎𝑟𝑖𝑛𝑔𝑠           

3,       𝑓𝑜𝑟 𝑔𝑜𝑜𝑑 𝑙𝑢𝑏𝑟𝑖𝑐𝑎𝑡𝑖𝑜𝑛                                                                         

               (𝐶1) 

 

  

Race Material 

Process 
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