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Abstract: Flywheel energy storage systems (FESSs) can reach much higher speeds with the
development of technology. This is possible with the development of composite materials.
In this context, a study is being carried out to increase the performance of the FESS, which
is especially used in leading fields, such as electric power grids, the military, aviation, space
and automotive. In this study, a flywheel design and analysis with a hybrid (multi-layered)
rotor structure are carried out for situations, where the cost and weight are desired to be
kept low despite high-speed requirements. The performance values of solid steel, solid
titanium, and solid carbon composite flywheels are compared with flywheels made of
different thicknesses of carbon composite on steel and different thicknesses of carbon
composite materials on titanium. This study reveals that wrapping carbon composite
material around metal in varying thicknesses led to an increase of approximately 10–46% in
the maximum rotational velocity of the flywheel. Consequently, despite a 33–42% reduction
in system mass and constant system volume, the stored energy was enhanced by 10–23%. It
was determined that the energy density of the carbon-layered FESS increased by 100% for
the steel core and by 65% for the titanium core.

Keywords: kinetic energy storage system; flywheel energy storage system; composite rotor;
multi-layered rotor; titanium rotor; carbon fiber-reinforced polymer rotor

1. Introduction
The need for energy storage is increasing with technological developments. Energy

storage can be classified as small, medium and large scale. There are many energy storage
solutions, from consumer electronics to supporting the electrical grid. The most commonly
used energy storage technologies are battery energy storage (BES), ultracapacitor energy
storage (UESS) and flywheel energy storage (FESS) [1,2]. Each of these storage technologies
has its own areas of use, advantages and disadvantages. When choosing the storage
technology to be used, parameters, such as system life, cost, energy density, power density,
safety, performance, cycle life, and maximum system power, are taken into consideration.
When FESS is examined structurally, it stands out with parameters, such as low maintenance
cost, high power density, high cycle life, and long system life [1,2]. When the studies are
examined, it is seen that FESS is preferred, especially in the fields of space and aviation,
military technologies, electric and hybrid electric vehicle (HEV) applications [3], renewable
energy production facilities, grid-based energy storage systems, and distributed energy
production systems.
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FESS, which works in parallel to BES in electric vehicles, is used for the storage of
regenerative braking energy. For short-term high-energy transfers, kinetic energy storage
systems are more advantageous than batteries. In addition, hybrid storage reduces the
electrical stress on the system [4]. FESS has been preferred by NASA for many years in
space applications. The most important reasons for this are its long service life, durability
and wide operating temperature range. For similar reasons, it is also preferred in military
applications. In addition, the increasing utilization of renewable energy sources has made
FESS a compelling and appealing option for both implementation and further investigation.
The main reason for this is that renewable energy sources have an intermittent energy
production profile [1,5]. Storage technologies compensate for this intermittent situation
in energy production and enable a continuous and balanced energy output. FESS is a
significant technology that regulates wind-related speed fluctuations, especially in wind
power plants. Energy storage systems play an important role in distributed generation
areas where there is no electricity grid and in order to perform the load shift operation
required for peak demand management in the grid [6,7]. It is emphasized that FESS is a
storage system that increases power quality when used in a grid-connected manner [8].
Grid-connected FESS units are used as commercial products for over 10 years, in large-scale
power stations in the USA, to compensate for events such as instantaneous voltage drops,
voltage spikes, short-term interruptions and black-outs, which occur in the electrical grid
and deteriorate power quality [2]. In this context, in 2024, China commissioned a 30 MW
FESS energy storage power plant called the Dinglun flywheel energy storage power station
in Shanxi province. Thus, China broke the record of the 20 MW FESS storage plant located
in Stephentown, New York, belonging to the American company Beacon Power [9].

FESS works on the principle of kinetic energy storage on a rotating mass [10]. Although
it is an industrial technology that has been used for over a century, today, the development
of manufacturing technologies and materials science has made it possible to produce high-
speed energy storage systems. In the last 50 years, high-speed FESSs have increased from
7000 RPM to 400,000 RPM. In addition, energy and power density values have increased by
more than 10-times [2,11]. Despite the increase in speed and stored energy, there has been
a decrease in system weight. The most important parameter that allows for the decrease
in system weight is the new-generation composite materials used in the rotor [12–16].
Carbon fiber or glass fiber materials with higher tensile strength than steel and titanium
are preferred in high-speed FESSs. Metal rotor structures and composite rotor structures
are completely different in terms of design, analysis and production. The rotor is formed
by bonding composite materials in layers or winding them in the form of yarn [12–16]. The
design phase should take into account the effect of the rotor material on the manufacturing
process. Composite materials have uncertainties at the micro level. Therefore, reasonable
safety factors should be selected, and reliable detection methods should be used. Generally,
composite materials have higher specific strength than metal materials, but metal materials
are isotropic, so theoretically they can be made into a constant stress disc. Composite
materials are orthotropic, so they never have the shape of a constant stress disc. However,
composite materials are more expensive than metal alloys. The decreasing price of lithium
batteries over the years has put pressure on the unit cost of FESS [17]. Studies report
that the production cost per unit power is between USD 600 and USD 2400/kW, and the
operation and maintenance costs are around USD 5.5/kW year [17]. It is reported that
a FESS with a nominal power of 250 kW costs between USD 250 and USD 350/kW, and
the corresponding unit energy cost is between USD 1000 and USD 5000/kWh [18]. The
International Renewable Energy Agency estimates that the unit energy cost of FESS will
decrease by 35% by 2030 [17].
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In this study, the effects of different materials on the energy storage capacity of the
flywheel and the maximum speed that the rotor can reach are simulated with the finite
element analysis program (ANSYS 2019 R3 v19.5). In the literature, multi-rim flywheel
structures have been realized for steel, aluminum and carbon fiber [19]. In some studies,
structures up to seven layers have been obtained by wrapping carbon fiber layers with metal
strips. However, here, the metal layer is used only as a binding intermediate material [14].
In the study, 11 variations with the same rotor dimensions but different layer thicknesses
are compared with each other. While steel is preferred for bearing housings and inner rotor
material in the literature, titanium material is also analyzed in this study in addition to
the steel shaft. The thickness of the outer-layer composite material is kept variable, and
the effect of the thickness change on the maximum speed is observed. Layered structures
are also compared with monolithic (steel, titanium and carbon composite) rotors, and the
advantages and disadvantages of the multi-layer structure compared to the monolithic
structure are determined. In the structures examined within the scope of this study, both
the metal inner core and the composite outer layer store energy.

2. Design Parameters of Flywheel Energy Storage System
The flywheel system works on the principle of storing kinetic energy on a mass rotating

at high speeds. Thanks to the rotor gaining speed, the rotating mass gains kinetic energy,
and the aim is to preserve this energy for as long as possible. Figure 1 shows the general
structure and components of the flywheel energy storage system [20]. FESS consists of a
rotor mass, a motor/generator, a closed, protective outer body and bearings. The system is
vacuumed to prevent air friction at high speeds and the resulting turbulence.

 
Figure 1. Flywheel energy storage system structure [20].

2.1. Energy and Power Parameters

In automotive applications, both volume and weight limitations are critical constraints.
Therefore, the rotor diameter of FESS units designed for automobiles typically does not
exceed 30 cm [4]. In tramway and bus applications, the rotor diameter can extend up to
40–50 cm. The restriction on rotor diameter necessitates an increase in rotational speed.
For automotive-specific applications, rotor speeds generally range between 50,000 and
80,000 RPM [2]. The first example of the use of FESS for regenerative braking in vehicles
dates back to the time when the FIA began to allow the use of kinetic energy recovery
systems in Formula 1 cars. Later, two F1 teams were licensed to use this system [21,22].
However, this system was not used effectively in the following years due to changing
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regulations. In the following years, Jaguar developed a KERS (kinetic energy recovery
system)-based system for the XJ model vehicle. This vehicle also holds the title of being the
first passenger sedan equipped with TOROTRAK. It is known that larger-scale versions
of the system have been tested in public transport. It is claimed that the system provides
an approximately 40 percent fuel efficiency improvement [23]. In the bus application in
Figure 2, a FESS is integrated into the vehicle powertrain for regenerative braking.

 

Figure 2. Bus application of FESS [23].

Considering the combined constraints of rotor diameter, speed, and weight, a carbon
composite can be selected as the rotor material [11]. The rotor is fabricated through the
filament winding of carbon fibers in successive layers, each of which is bonded with epoxy
resin. Thus, the overall mass of the rotor remains below 30 kg [4].

In grid-scale energy storage systems, the rotor mass can reach up to 300 kg. For these
applications, the rotational speed is limited to approximately 30,000 RPM [11]. In stationary
applications, where mass is not a critical constraint and rotational speeds are comparatively
lower, steel is often preferred as the rotor material. The magnitude of the stored energy is
directly proportional to the weight of the rotor mass. FESS power plants are connected to
the grid in parallel to avoid blackouts. There have been numerous FESS facilities operating
in various regions of America since 2011. The installed power of these facilities is over
60 MW. Similarly, Canada established a storage facility in 2014 [24].

Another approach to enhance the stored energy is to increase the rotational speed
rather than the rotor mass. Because the stored energy increases proportionally to the square
of the rotation speed, the production of this type of high-speed FESS requires advanced
technology. Considering its usage areas, it is generally seen in space and aviation, electric
vehicle (EV) and defense industry applications. Equation (1) represents the stored energy
in the flywheel energy storage unit. The formula represents the amount of stored kinetic
energy ‘E’, the moment of inertia ‘J’, angular velocity ‘ω’, mass ‘m’, and rotor radius ‘r’.

E =
1
2

Jω2 (1)

The moment of inertia depends on the rotor mass and geometry, as in Equation (2):

J =
∫

r2dm (2)
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The energy stored in the flywheel must be calculated by taking into account its mass
and material properties. Based on the strength characteristics of the material used, it is
possible to determine the maximum velocity of the rotor. Equation (3) provides the value
for the rotor’s maximum angular velocity. In this equation, the following terms are defined:

• ω is the angular velocity;
• ro is the outer radius;
• ri is the inner radius (0 for a solid disc);
• ν is Poisson’s ratio;
• ρ is the material density;
• σt, max is the yield stress.

ω =

√√√√ 8 · σt

(3 + υ) · ρ · (r 2
O − r2

I

) (3)

Since FESS is used in a wide variety of areas, a precise framework cannot be drawn
to determine its dimensions. More complex sizes and high-speed systems are used in
mobile applications. The rotor material is generally composite components or titanium
alloy. The volume of the systems preferred in areas such as automotive, aviation and space
applications are generally between 1 and 50 L. Weights generally range from a few kg to
a maximum of 100 kg. Rotation speeds vary between 10,000 and 400,000 RPM. However,
larger masses and lower speeds are preferred in grid-based stationary applications requiring
high energy storage capacity and high power. Electric grid support, regulators used in
renewable energy generation systems, and UPS systems utilize FESS with rotor weights
ranging from a few hundred kilograms to several tons. Rotational speeds vary between
5000 and 50,000 RPM [25,26].

FESS rotors are made from various materials. The properties of rotor materials, includ-
ing their energy densities and mechanical strengths, are documented in Table 1 [17,27,28].
In experimental investigations, steel materials have been found to achieve rotor speeds of
up to 50,000 revolutions per minute [10]. This value corresponds to 1500 km/h peripheral
speed. At higher speeds, materials with higher mechanical strengths or composite materials
are utilized. As the rotor attains high speeds, the centrifugal force increases, leading to
excessive stress on the material. Materials unable to withstand centrifugal forces pose a
risk due to the shrapnel effect caused by the fragmentation scattered around.

Table 1. Material specifications for rotor of FESS [17,27,28].

Material Density
(kg/m3), ρ

Tensile
Strength
(MPa), σ

Energy
Density
(Wh/kg)

Cost
(USD/lb)

Grey Cast Iron (GCI 25) 7340 220 n/a n/a
Steel (AICI 4340) 7800 1800 64 1

Aluminum Alloy (AlMnMg) 2800 600 61 3
Titanium (TiAl6Zr5) 4500 1200 75 9

Carbon fiber (S2) 1920 1470 213 24.6
Carbon fiber (M30S) 1553 2760 493 n/a

Carbon fiber composite (T1000G) 1664 3620 604 101.8

This study focuses primarily on the analysis of high-speed FESS using the ANSYS
program. The aim is to investigate a rotor size suitable for mobile applications, with a
diameter of 100 mm and a width of 40 mm. While keeping the rotor dimensions constant,
maximum speeds achievable for different materials are determined. Additionally, the im-
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pact of multi-layered structures on the rotor is observed, and analysis studies are conducted
for different systems.

2.2. Structural Parameters and Material Selection

The FESS rotor can have different geometries. The most preferred of these structures is
the solid cylindrical rotor. The moment of inertia of a solid cylindrical mass is half the mo-
ment of inertia of a hollow, circular rotor. However, since it can be easily balanced and the
possibility of resonance, explosion and fragmentation at high speeds is low, the solid cylin-
drical rotor structure is generally preferred. The shape factor K is also a representation of
material utilization. Figure 3 shows the “shape factors” of rotors with different geometries.

 
Figure 3. Shape factors of different rotor geometries for FESS [29].

In this study, a solid cylindrical rotor structure is preferred as a design, and simulations
are performed according to this geometry. In order for the system to reach high speeds,
attention is also paid to the material selection. The preferred materials are manufactur-
ing steel, titanium alloy and carbon fiber materials, and their hybrid structures are also
being examined.

The material’s ability to withstand the centrifugal force exerted on it determines the
maximum speed of the rotor. This is the ultimate strength of the material. There is a direct
relationship between the mass, centrifugal forces, and radius, as well as the speed. Material
selection is a very important stage in FESS design. The ideal materials for flywheels are
lightweight and durable. This implies that the density of the material must be lower. For
higher speeds, the material must also have high tensile strength. These characteristics
are common with composite materials, unlike metals with higher weight, but the cost of
metal is lower than that of composites. Composite materials are lightweight yet possess
high strength values. These materials exhibit a high specific strength. Rotor speed and
the desired energy value to be stored are directly related to the rotor material. The basic
selection criteria to be considered here are the application in which the system will be used,
the amount of energy to be stored and the total system cost. Within the scope of this study,
two types of multi-layered hybrid rotor structures are considered (mild steel, carbon fiber
and titanium alloy, carbon fiber) with three different basic materials (mild steel, titanium
alloy, carbon fiber).

2.2.1. Mild Steel

Mild steel is the most commonly used material in production and is easier to process
than other steels. The properties of mild steel are listed as follows:
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■ Suitable yield point and tensile strength for many applications;
■ Suitable impact resistance;
■ Resistance to brittle fractures;
■ Good weldability;
■ Good formability;
■ Good machinability.

They are steels that contain low carbon content, non-alloyed phosphate (P) and nitro-
gen (N), manganese (Mn), silicon (Si), copper (Cu) and sulfur (S) elements originating from
production raw materials and production methods; they are hot formed, normalized and
sometimes cold drawn, especially considering their tensile strength and yield points, and
are used in industrial and structural studies [30,31]. The structural properties of mild steel
in the ANSYS program are shown in Table 2.

Table 2. Structural properties of mild steel.

Density 7850 kg/m3

Young’s Modulus 2 × 108 Pa
Poisson’s ratio 0.3000
Bulk modulus 1.6667 × 1011 Pa
Slip modulus 7.6923 × 1011 Pa

Thermal coefficient of expansion 1.2 × 10−5 1/◦C
Yield stress 2.5 × 108 Pa

Ultimate tensile strength 4.6 × 108 Pa
Tensile stress 2.05 × 108 Pa

Thermal conductivity 60.500 W/m·◦C
Specific heat 434.00 J/kg·◦C

Specific strength 26 kPa/(kg/m3)

2.2.2. Titanium Alloy

Titanium is a light, high-strength, shiny, corrosion-resistant metal. Titanium can be
alloyed with elements, such as iron, aluminum, vanadium, and molybdenum. This alloy,
which has good strength and lightness, is used in military and many other areas (jet engines,
missiles, spacecraft). The most important feature of titanium, a metallic element, is its
strength/weight ratio. Pure titanium is completely flexible. Titanium (although not as
hard as some heat-treated steels) is antimagnetic and a poor heat conductor. As a result of
special processes, the room-temperature strength of titanium alloys can reach 1372–1666
MPa [32]. The structural properties of the titanium alloy used in the ANSYS program are
given in Table 3. The yield and rupture stresses of this material are higher than mild steel;
it is more durable and less dense.

Table 3. Structural properties of titanium alloy.

Density 4620 kg/m3

Young’s Modulus 9.6 × 1010 Pa
Poisson’s ratio 0.36000
Bulk modulus 1.1429 × 1011 Pa
Slip modulus 3.5294 × 1010 Pa

Thermal coefficient of expansion 9.4 × 10−6 1/◦C
Yield stress 9.3 × 108 Pa

Ultimate tensile strength 1.07 × 109 Pa
Tensile stress 9.0 × 108 Pa

Thermal conductivity 21.900 W/m·◦C
Specific heat 522.00 J/kg·◦C

Specific strength 200 kPa/(kg/m3)
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2.2.3. Carbon Composite Material

Carbon composite is a material that emerged as a result of a 40-year development
process. Carbon fiber, which finds its place in many areas, has been used in many sectors
such as the automotive, aerospace and aviation sectors for many years. The most important
feature of carbon fiber is that it is 4.5-times lighter and 3-times stronger than steel. Carbon,
which is used in the chassis and many parts of sports cars, is shown to be the best material
for producing lighter and more durable cars. The characteristics of this material are as
follows [31,32]:

■ Low density;
■ Lightweight;
■ Corrosion resistance;
■ Easy production method;
■ Low coefficient of friction;
■ Can be considered high strength.

Areas where carbon fiber is used include the following:

■ Aviation sector;
■ Spacecraft;
■ Automotive;
■ Maritime;
■ Industrial equipment.

Carbon fiber materials have different properties depending on the raw material and
production method. These properties are taken into consideration when classifying. In the
production of carbon fiber, it is formed by combining orlon, nylon, tar and other chemicals.
Carbon fiber requires chemical and mechanical processes to form. The precursor is drawn
into long wires or fibers and then heated to a very high temperature by cutting off contact
with oxygen. Since there is no oxygen, the risk of burning the fiber is eliminated. High
temperature allows most of the atoms in the carbon to be expelled, allowing the atoms in
the fiber to vibrate violently. This process is called carbonization. At the end of the process,
a long, dense fiber structure is obtained. Carbon fiber is a specially produced material
that can withstand very high stress. It is a very light material due to its low density. The
properties of the carbon fiber material used in the simulations are given in Table 4.

Table 4. Structural properties of carbon composite material.

Density 1800 kg/m3

Young’s Modulus X-axis 2.3 × 1011 Pa
Young’s Modulus Y-axis 2.3 × 1010 Pa
Young’s Modulus Z-axis 2.3 × 1010 Pa

Poisson’s ratio XY 0.20000
Poisson’s ratio YZ 0.40000
Poisson’s ratio XZ 0.20000
Slip modulus XY 9 × 109 Pa
Slip modulus YZ 8.2143 × 109 Pa
Slip modulus XZ 9 × 109 Pa
Specific strength 12.8 MPa/(kg/m3)

There are various techniques for coating composite material onto a metal core, includ-
ing epoxy resin bonding, high-temperature molding, filament winding with composite
ropes, and roll-form composite woven fabric wrapping. The primary criteria that deter-
mine the appropriate method include maximum peripheral speed, rotor dimensions, rotor
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mass, the G-force the system will be subjected to, and the type of application (mobile
or stationary).

It is well known that high-speed hybrid flywheels are particularly sensitive to tem-
perature fluctuations. This sensitivity arises from the difference in thermal expansion
coefficients between the metal core and the composite material wrapped around it. Conse-
quently, temperature control is crucial in hybrid flywheel systems. As the system deviates
further from its initial manufacturing temperature, the risks of rotor imbalance and layer
delamination increase substantially [33–36].

2.3. Rotor Design and Specifications for Simulation

The flywheel design is created using the Solidworks program (2023 SP5.0), employing
two different dimensional approaches. The flywheel has an outer diameter of 100 mm,
with a width of 40 mm. The technical drawing is given in Figure 4. To reduce mechanical
stresses, chamfering processes are applied to sharp corners. In the prepared design, for the
multi-layered rotor structure, the thicknesses of the top layers are determined as 3 mm,
5 mm, 10 mm, and 20 mm. A bearing seat with a diameter of 17 mm and a location for the
bearing inner race to rest, with a diameter of 28 mm, were designed for mounting purposes.
Considering the FESS dimensions, the total length is 172 mm.

Figure 4. Technical drawing and dimensions of Ø 100 mm FESS rotor.

2.4. Performing Program Settings for Simulations

Mesh selection is an essential criterion for obtaining more efficient analysis outputs
during analysis. Mesh quality is affected by many factors of the analysis. As the number
of mesh nodes and elements affecting the mesh duration increases, analysis durations
increase. It is known in the literature that quality is good when the skewness value is below
0.9 [37–40]. In this application, the skewness value indicating mesh quality was obtained
as 0.76092.

The method selected to increase mesh quality is the MultiZone method. The MultiZone
method is generally applied to cylindrical parts, allowing each element of the cylinder to be
created equally. Since each element is created equally and in the same geometry, it reduces
the skewness value. The flywheel rotation center is selected. The center is obtained by
selecting the surfaces of the largest outer diameter in ANSYS Rotational Velocity [37–40].

When determining the maximum speed, the static properties of the selected materials
are taken into account. The elastic zone limit and the ultimate tensile strength values are
taken as limit points. Tensile test data were examined to determine the maximum values of
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the stress. The maximum value that the system can reach without breaking after passing
into the elastic zone is simulated by the program.

2.5. Analysis Findings and Interpretation

The analysis study is examined in two stages. Firstly, the analysis results are obtained
based on the data of the Y region, which is the region where the material starts to flow,
and, secondly, the data of the U region, which is the rupture region. The materials whose
properties are given in Table 5 are manufacturing steel, titanium alloy, and carbon fiber-
reinforced polymer (CFRP), respectively. The yield point data for the Y region, which
is the yield limit of these materials, are 250 MPa for manufacturing steel, 930 MPa for
titanium alloy, and 23 GPa for CFRP. The U zone values for the rupture point are 460 MPa
for manufacturing steel, 1070 MPa for titanium alloy and 23 GPa for CFRP. Since there is
no yield point for carbon fiber material, yield and breaking point data are the same.

Table 5. Rupture and yield stress values of 100 mm rotor.

Amb. Temp.: 22 ◦C
Ø 100 mm Rotor Mild Steel Mild Steel Titanium Alloy Titanium Alloy

Carbon
Fiber-Reinforced

Polymer

Yield Point Rupture Point Yield Point Rupture Point Rupture Point
Speed (RPM) 50,700 68,740 125,700 137,000 952,520
Weight (kg) 2.9 2.9 1.7 1.7 0.67

Minimum (MPa) 0.75 1.38 0.87 1.03 145.7
Maximum (MPa) 250 460 901 1071 23,000

In the analysis, the maximum RPM that can be reached is calculated based on the
yield and rupture point stress values of each material. The analyses are performed first for
the Ø100 diameter rotor and solid material. Then, in the hybrid design, the analyses are
repeated for 3 mm, 5 mm, 10 mm, and 20 mm CFRP-layered structures. Figure 5 shows
hybrid rotor structures with metal-inside and composite-outside multi-layers for different
thicknesses. According to the analysis results, the region subjected to maximum stress
is shared in the figures. The equivalent (von-Mises) stress method is used to determine
whether the flywheel has undergone plastic deformation.

Figure 5. Rotor designs utilized in simulations: one-piece, 3 mm, 5 mm, 10 mm, and 20 mm
layered structure.

3. ANSYS Analyses Results
In this study, multiple materials with different layer thicknesses were analyzed using a

finite element analysis (FEA) program. Although the system could also be evaluated using
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an analytical calculation method instead of FEA, the multi-layered structure and the use of
materials with varying technical properties make such calculations time-consuming. When
using FEA, changes in parameters can be implemented much more rapidly. In contrast,
analytical methods require complete recalculation and re-iteration from the beginning
for any change in a single parameter. From this perspective, FEA offers a significantly
more practical and efficient approach. Analysis outputs were obtained using materials
selected from the ANSYS library. While determining the boundary conditions of the model,
“body-ground joint” is defined in the regions where there are bearings, and it was assumed
that these regions only allowed for rotation on the Z axis and movements on other axes are
neglected. This approach aims to better represent real operating conditions. In addition,
the accuracy of the analysis results is increased by giving the rotation speed to the flywheel
from the region where the maximum stress will occur. In this way, a more realistic and
reliable structural analysis can be obtained.

3.1. Solid Rotor Simulation Results

For mild steel and titanium alloy materials, the maximum speeds corresponding
to the yield point and rupture point are simulated. For CFRP material, only the maxi-
mum speed for the rupture point value is simulated. Visuals of the simulation results
are given in Figures 6 and 7. As expected, the lowest speed belongs to mild steel with
50,700–68,740 RPM. Titanium alloy was able to reach the 125,700–137,000 RPM speed band
due to its high strength. This value is more than twice that of mild steel. The highest speed
can be reached with CFRP composite material due to having the highest strength. This
shows why CFRP is preferred in aviation, space and military technologies. The data ob-
tained with the solid rotor given in Table 5 constitute the base data for making comparisons
with layered structures. With this comparison, the performance increase provided by the
hybrid structure compared to the solid structure will be determined.

3.1.1. 3 mm Layered Hybrid Rotor Simulation Results

The performance obtained with the rotor structure with a 3 mm CFRP outer layer
is higher than the solid rotor structure. The simulation results given in Table 6 clearly
show that the RPM value that can be reached with the rotor with the 3 mm CFRP layer is
9.1% more than the solid rotor for mild steel. This ratio is 9.6% for titanium alloy.

Table 6. Rupture and yield stress values of 100 mm rotor with 3 mm CFRP layer.

Amb. Temp.: 22 ◦C
Ø 100 mm Rotor with

3 mm CFRP Layer

Mild Steel
+

3 mm CFRP

Mild Steel
+

3 mm CFRP

Titanium Alloy
+

3 mm CFRP

Titanium Alloy
+

3 mm CFRP

Yield Point Rupture Point Yield Point Rupture Point
Speed (RPM) 55,350 75,080 137,850 147,900
Weight (kg) 2.64 + 0.065 2.64 + 0.065 1.55 + 0.065 1.55 + 0.065

Minimum (MPa) 0.99 1.82 0.95 1.1
Maximum (MPa) 250 460 930 1071

In terms of weight, the mild-steel rotor with a 3 mm CFRP layer is 8% lighter than the
solid steel rotor. Similarly, the titanium alloy rotor with a 3 mm CFRP layer is 5% lighter
than the solid titanium alloy rotor. This means that the energy that can be stored with the
hybrid rotor is 10–13% more (considering the correlation between the RPM value, rotor
mass and the stored energy given in Equation (1)). Visuals of the simulation results are
given in Figure 8.
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Figure 6. Simulation visuals: stress and rupture values for steel and titanium alloys.

 

Figure 7. Simulation visuals: stress and rupture values for carbon fiber-reinforced polymer (CFRP).
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Figure 8. Simulation visuals: stress and rupture values for steel and titanium alloys with 3 mm
CFRP layer.

3.1.2. 5 mm Layered Hybrid Rotor Simulation Results

The performance obtained with the rotor structure with a 5 mm CFRP outer layer is
higher than the solid and 3 mm layered rotor structure. The simulation results given in
Table 7 show that the RPM value that can be reached with the rotor with a 5 mm CFRP
layer is 12.7% more than the solid rotor for mild steel. This ratio is 12.4% for titanium alloy.
In terms of weight, the mild-steel rotor with a 5 mm CFRP layer is 11% lighter than the
solid steel rotor. Similarly, the titanium alloy rotor with a 5 mm CFRP layer is 8% lighter
than the solid titanium alloy rotor. This means that the energy that can be stored with the
hybrid rotor is 12–14% higher. Visuals of the simulation results are given in Figure 9.

Table 7. Rupture and yield stress values of 100 mm rotor with 5 mm CFRP layer.

Amb. Temp.: 22 ◦C
Ø 100 mm Rotor with

5 mm CFRP Layer

Mild Steel
+

5 mm CFRP

Mild Steel
+

5 mm CFRP

Titanium Alloy
+

5 mm CFRP

Titanium Alloy
+

5 mm CFRP
Yield Point Rupture Point Yield Point Rupture Point

Speed (RPM) 57,150 77,520 141,260 151,500
Weight (kg) 2.46 + 0.11 2.46 + 0.11 1.45 + 0.11 1.45 + 0.11

Minimum (MPa) 1.1 2.1 1.1 1.3
Maximum (MPa) 250 460 930 1070
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Figure 9. Simulation visuals: stress and rupture values for steel and titanium alloys with 5 mm
CFRP layer.

3.1.3. 10 mm Layered Hybrid Rotor Simulation Results

The performance obtained with the rotor structure with a 10 mm CFRP outer layer
is higher than the solid and thinner multi-layered rotor structure. The simulation results
given in Table 8 clearly show that the RPM value that can be reached with the rotor with
the 10 mm CFRP layer is 20% more than the solid rotor for mild steel. This ratio is 15% for
titanium alloy. In terms of weight, the mild-steel rotor with the 10 mm CFRP layer is
23% lighter than the solid steel rotor. Similarly, the titanium alloy rotor with the 10 mm
CFRP layer is 18% lighter than the solid titanium alloy rotor. This means that the energy
that can be stored with the hybrid rotor is 8–10% higher. At this point, when comparing the
10 mm CFRP layer with the 5 mm CFRP layer, the 10 mm layer shows lower performance.
This is because the decrease in rotor mass has a greater effect than the increase in speed.
These results show that there is an optimum point in terms of performance increase in the
multi-layered structure. Visuals of the simulation results are given in Figure 10.
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Table 8. Rupture and yield stress values of 100 mm rotor with 10 mm CFRP layer.

Amb. Temp.: 22 ◦C
Ø 100 mm Rotor with

10 mm CFRP Layer

Mild Steel
+

10 mm CFRP

Mild Steel
+

10 mm CFRP

Titanium Alloy
+

10 mm CFRP

Titanium Alloy
+

10 mm CFRP

Yield Point Rupture Point Yield Point Rupture Point
Speed (RPM) 60,600 82,140 144,850 155,350
Weight (kg) 2.04 + 0.2 2.04 + 0.2 1.2 + 0.2 1.2 + 0.2

Minimum (MPa) 0.96 1.77 1.37 1.58
Maximum (MPa) 250 460 930 1070

 

Figure 10. Simulation visuals: stress and rupture values for steel and titanium alloys with 10 mm
CFRP layer.

3.1.4. 20 mm Layered Hybrid Rotor Simulation Results

The performance obtained with the rotor structure with the 20 mm CFRP outer layer
is higher than the solid and thinner multi-layered rotor structure. The simulation results
given in Table 9 clearly show that the RPM value that can be reached with the rotor with
the 20 mm CFRP layer is 45% higher than the solid rotor for mild steel. This ratio is
30% for titanium alloy. In terms of weight, the mild-steel rotor with a 20 mm CFRP layer is
41% lighter than the solid steel rotor. Similarly, the titanium alloy rotor with a 20 mm CFRP
layer is 33% lighter than the solid titanium alloy rotor. This means that the energy that can
be stored with the mild-steel CFRP hybrid rotor is 23% higher. This value is 14% for the
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titanium alloy–CFRP hybrid rotor. Similar to the 10 mm layered mild-steel-CFRP structure,
a performance decrease is observed in the 20 mm layered rotor in the titanium alloy–CFRP
structure. Visuals of the simulation results are given in Figure 11.

Table 9. Rupture and yield stress values of 100 mm rotor with 20 mm CFRP layer.

Amb. Temp.: 22 ◦C
Ø 100 mm Rotor with

20 mm CFRP Layer

Mild Steel
+

20 mm CFRP

Mild Steel
+

20 mm CFRP

Titanium Alloy
+

20 mm CFRP

Titanium Alloy
+

20 mm CFRP

Yield Point Rupture Point Yield Point Rupture Point
Speed (RPM) 73,500 96,650 163,860 175,800
Weight (kg) 1.33 + 0.36 1.33 + 0.36 0.8 + 0.36 0.8 + 0.36

Minimum (MPa) 2.1 3.8 3 1.5
Maximum (MPa) 250 460 930 1071

 

Figure 11. Simulation visuals: stress and rupture values for steel and titanium alloys with 20 mm
CFRP layer.
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In the obtained results, it is observed that increasing the CFRP layer thickness above a
certain value does not provide the expected increase in performance (in terms of stored
energy). The reason for this is that the thick CFRP layer increases the maximum speed but
lightens the mass. However, the fact that the composite structure lightens the total mass by
up to 46% is an advantage in terms of mobility, aviation and space applications.

3.2. Analytical Calculations for the Solid Rotor

The ANSYS analysis results are validated by comparing them with the analytical
solutions to confirm the accuracy of the simulation. In the calculations performed using
Equation (3), the maximum rotor speeds are obtained and presented in Table 10. When the
analytical calculations are compared with the analysis results, it is observed that the values
coincide. This demonstrates the accuracy of the analysis results.

Table 10. Comparison of analytical calculation results and simulation results for a 100 mm solid rotor,
considering the yield stress values.

Amb. Temp.: 22 ◦C
Ø 100 mm Rotor Mild Steel Titanium Alloy

Carbon
Fiber-Reinforced

Polymer

Yield Point Yield Point Rupture Point
Speed (RPM) (Analytical) 53,047 132,220 1,047,211

Speed (RPM) (ANSYS) 50,700 125,700 952,520
Weight (kg) 2.9 1.7 0.67

Maximum (MPa) 250 901 23,000

4. Discussion
When the obtained results are evaluated, the use of the multi-layer hybrid flywheel

structure increases the maximum RPM value and reduces the total system weight. It is
also observed that the energy storage capacity of these systems has increased to a certain
extent. The studies are first carried out for the steel rotor structure. In order to prevent the
rotor from breaking apart by exceeding the elasticity limit of the steel, carbon fiber layers
of different thicknesses are added to the outside of the steel rotor, and simulations are
performed accordingly. These simulations are repeated for 2 mm, 5 mm, 10 mm and 20 mm
carbon fiber thicknesses. As the thickness of the carbon fiber layer increases, the maximum
RPM value that the system can withstand also increases. As a result, the energy storage
capacity of the system also increases. This situation is also valid for the titanium alloy rotor
material. When Table 11 is examined carefully, it is clearly seen that the maximum RPM
that the rotor can withstand increases with the tensile strength properties of the material
and the thickness of the carbon fiber layer. The highest RPM value was obtained when
the rotor was made entirely of carbon fiber. However, carbon composite material has a
significantly higher manufacturing cost. The findings show that it is necessary to select
the rotor structure and material according to the specific application and requirements of
the FESS.

Another important point is that, when Equation (1) is taken into account, the decrease
in rotor mass and the increase in speed without changing the geometric dimensions and the
amount of stored energy result in a decrease in the moment of inertia of the rotor. Reducing
the moment of inertia in mobile systems can be said to be a reduction in the counterforce
applied during maneuvers (gyro effect).
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Table 11. Maximum RPM and total rotor weight values of different rotor materials.

Rotor Material Yield Stress
(RPM)

Rupture Stress
(RPM)

Total Rotor Weight
(kg)

Mild steel 50,700 68,740 2.9203
Titanium alloy 125,700 137,000 1.7187

CFRP (230 GPA) - 952,500 0.6696
Hybrid structure

Mild steel—3 mm CFRP 55,350 75,080 2.7023 (M: 97.6% C: 2.4%)
Mild steel—5 mm CFRP 57,150 77,520 2.5634 (M: 95.8% C: 4.2%)

Mild steel—10 mm CFRP 60,600 82,140 2.2413 (M: 91% C: 9%)
Mild steel—20 mm CFRP 73,500 99,650 1.7115 (M: 77.7% C: 22.3%)

Titanium alloy—3 mm CFRP 137,580 147,900 1.6173 (T: 96% C: 4%)
Titanium alloy—5 mm CFRP 141,260 151,500 1.5526 (T: 93.1% C: 6.9%)

Titanium alloy—10 mm CFRP 144,850 155,350 1.4025 (T: 85.5% C: 14.5%)
Titanium alloy—20 mm CFRP 163,860 175,800 1.1558 (T: 68.8% C: 31.2%)

C: Mass ratio for CFRP. M: Mass ratio for mild steel. T: Mass ratio for titanium alloy.

Comparative Analysis of Systems

A comparison is given in Table 11 for different rotor materials. When evaluated
in terms of yield and rupture strength, the manufacturing steel has the lowest values.
However, it also has the highest weight. As stated in Equation (1), the energy stored in
FESS increases linearly with the rotor weight. However, it increases proportionally with the
square of the rotor speed. Therefore, the rotor weight and rotor speed should be evaluated
together in the calculation of the stored energy. Although the titanium alloy weighs
58.85% of the manufacturing steel, its yield and rupture strength values are significantly
higher. The carbon composite material weighs 23% of the manufacturing steel and 39% of
the titanium alloy. However, the carbon composite material has the highest strength among
these materials due to its physical structure. Despite its low weight, its ability to reach very
high speeds allows it to store the highest energy among all other materials. Despite its high
cost, its high energy density makes it highly strategic in mobility applications.

In hybrid structures, the total system weight varies depending on the percentage of
materials used, as shown in Table 11. As the thickness of the carbon fiber increases, the total
weight of the rotor decreases. However, RPM, manufacturing costs, and manufacturing
difficulties also increase. The situations are similar for steel–carbon fiber and titanium alloy–
carbon fiber hybrid structures. Table 12 shows the maximum RPM and peripheral speed
(km/h) values that can be achieved by considering the yield and rupture values according
to different rotor materials. Carbon fiber is the rotor material that can reach the highest
RPM, with a value of 950,000. This is equal to a peripheral speed of 18,000 km/h. The rotor
with the lowest RPM is manufactured with manufacturing steel, and its peripheral speed is
equivalent to 1300 km/h. In the hybrid structure, the peripheral speed value increases as
the carbon fiber thickness increases.

Table 13 shows the maximum kinetic energy values that can be stored according to
rotor materials in “Watt-hour (Wh)”. As given in Equation (1), the kinetic energy stored on
the rotating mass is proportional to the square of the speed, while it changes linearly with
the weight. The energy stored for the equivalent rotor geometry depending on the rupture
point stress for manufacturing steel is 26 Wh. The stored energy value of titanium alloy is
63 Wh, more than twice that of manufacturing steel.
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Table 12. Maximum RPM and peripheral speed values of different rotor materials.

Rotor Material Yield Stress
(RPM)

Yield Stress
(km/h)

Rupture Stress
(RPM)

Rupture Stress
(km/h)

Mild steel 50,700 955.67 68,740 1295.72
Titanium alloy 125,700 2369.4 137,000 2582.4

CFRP (230 GPA) - - 952,500 17,954.2
Hybrid structure

Mild steel—3 mm CFRP 55,350 1043.32 75,080 1415.22
Mild steel—5 mm CFRP 57,150 1077.25 77,520 1461.22
Mild steel—10 mm CFRP 60,600 1142.28 82,140 1548.3
Mild steel—20 mm CFRP 73,500 1385.44 99,650 1878.36

Titanium alloy—3 mm CFRP 137,580 2593.32 147,900 2787.85
Titanium alloy—5 mm CFRP 141,260 2662.7 151,500 2855.7
Titanium alloy—10 mm CFRP 144,850 2730.36 155,350 2928.28
Titanium alloy—20 mm CFRP 163,860 3088.7 175,800 3313.75

Table 13. Stored energy according to the flywheel structure.

Rotor Material Yield Stress
(RPM)

Stored Energy
(Wh)

Rupture Stress
(RPM)

Stored Energy
(Wh)

Mild steel 50,700 14.29 68,740 26.27
Titanium alloy 125,700 51.7 137,000 61.42

CFRP (230 GPA) - - 952,500 1156.63
Hybrid structure

Mild steel—3 mm CFRP 55,350 15.76 75,080 29
Mild steel—5 mm CFRP 57,150 15.94 77,520 29.3
Mild steel—10 mm CFRP 60,600 15.67 82,140 28.8
Mild steel—20 mm CFRP 73,500 17.6 99,650 32.32

Titanium alloy—3 mm CFRP 137,580 58.28 147,900 67.35
Titanium alloy—5 mm CFRP 141,260 59 151,500 67.85
Titanium alloy—10 mm CFRP 144,850 56 155,350 64.44
Titanium alloy—20 mm CFRP 163,860 59.1 175,800 68

Since the RPM corresponding to the rupture stress for the carbon composite rotor is
quite high, the stored energy increases very significantly. However, in order to reach these
revolutions with the carbon composite rotor, not only the material strength but also the
other parts of the storage system must be able to withstand these speeds. For example,
when dynamic and static loads are considered, it is not possible to find a ready-made
bearing that can withstand these speeds. The bearings to be used in a system reaching
these speeds must be specially developed.

When the stored energy is theoretically examined, there is a difference of approxi-
mately 45-times between the carbon composite and steel and 19-times with titanium alloy.
In terms of speed, the carbon composite rotor rotates 14-times faster than steel and 7-times
faster than titanium alloy. The energy stored in the hybrid structure varies between 29 Wh
and 32 Wh depending on the thickness of the steel–carbon composite rotor and between
67 and 68 Wh depending on the thickness of the titanium alloy–carbon composite.

Table 14 shows values, such as material cost, manufacturing cost, energy storage
capacity, energy density, total system weight and maximum speed, for different rotor
materials. The manufacturing costs and material costs of different rotors are rated on
a Likert scale between 1 and 5. In this scaling system, 1 indicates the lowest cost and
5 indicates the highest cost. Manufacturing steel is determined as 1, titanium alloy as
2, manufacturing steel–carbon composite hybrid structure as 3, titanium alloy–carbon
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composite hybrid structure as 4 and all carbon fiber as 5 in terms of material and ease
of processing.

Table 14. Comparison of systems according to different rotor materials.

Rotor Material Maximum
RPM

Production
Cost

Material
Cost

Stored Energy
(Wh)

Total Rotor
Weight (kg)

Energy Density
(Wh/kg)

Mild steel 68,740 1 1 26.27 2.92 9
Titanium alloy 137,000 2 2 61.42 1.72 35.7

Mild steel—20 mm CFRP 99,650 3 3 32.32 1.71 18.9
Titanium alloy—20 mm CFRP 175,800 4 4 68 1.16 58.8

CFRP (23 GPA) 952,500 5 5 1156.63 0.67 1727

The comparison table is prepared by looking at the maximum RPM equivalent to the
rupture point stresses. A ranking is made depending on the Likert scale. The rotor made
of manufacturing steel is the heaviest rotor, as well as the material with the lowest RPM,
manufacturing cost, material cost, and energy storage capacity. Carbon fiber is seen to be
the opposite. At the same time, the rotor with the highest carbon thickness is seen to be the
lightest rotor in the hybrid structure. Although multi-rim rotors exhibit up to 200% higher
energy density compared to steel and titanium rotors, their reliability may be compromised
due to their complex structure. The metal core and the carbon fiber layers—either bonded
or wound around it—may gradually separate over time as a result of aging, leading to
further degradation. Hybrid rotor systems are anticipated to achieve higher rotational
speeds than solid rotors. This advancement necessitates the fabrication of multi-layer
systems with more precise and advanced manufacturing technologies.

5. Conclusions
Composite flywheels represent a challenging field of study due to factors, such as the

technical properties of materials, design criteria, various geometric shapes, and manufac-
turing methods. As an innovation in this study, a system was designed with a metal core
and a composite outer layer. Analyses were conducted for both steel and titanium as the
metal core. Additionally, the effects of carbon composite layer thicknesses on the system’s
energy and speed values were observed.

When the obtained data are evaluated, it is seen that manufacturing steel alone is
sufficient for applications requiring a peripheral speed of up to 250 m/s. However, to
reach a value of 500 m/s, a titanium alloy or a titanium–carbon composite multi-layer
structure would be preferred. For peripheral speeds ranging from 500 m/s to 2500 m/s,
a fully carbon composite rotor structure is required. According to the results, the hybrid
use of titanium and carbon composite materials does not significantly contribute to an
energy enhancement, as the increase is only around 15%. Taking the risks associated with a
hybrid structure for a mere 15% energy increase is not considered worthwhile. However, if
the goal is to enhance energy density, a 65% increase is observed in the hybrid structure.
Furthermore, in steel rotor structures, the energy density increase can exceed 100%.

In conclusion, carbon composite represents the highest level of performance in terms
of lightness, strength, and energy density. However, high manufacturing and material
costs make it challenging to choose for low-performance and cost-sensitive applications.
In sectors where cost is a secondary concern, such as aerospace, aviation, and military
technologies, carbon fiber rotor structures are frequently preferred. Due to their mechanical
strength properties, steel rotors are disadvantaged compared to titanium and carbon
composite materials in terms of performance and durability. However, owing to their ease
of manufacturing and reasonable material costs, steel rotors can be used in grid-based
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energy storage solutions and relatively low-speed applications. The multi-layer hybrid
rotor structure examined in this study and presented as an original contribution is found to
enhance energy density due to the resulting weight reduction.
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