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1. Introduction

The growing demand for energy storage is characteristic 
of modern mobile and stationary technical means. Therefore, 
the use of flywheels as devices for energy storage is one of the 
main directions of development of modern energy systems. 
Scientific research on this topic is important because only the 
generation of new technical solutions can ensure the develop-
ment of this promising environmentally safe area of energy 
equipment design. The results of such research are necessary 
for practical application as they contribute to reducing mass, 
improving dynamic characteristics, reducing cost, and in-
creasing the efficiency of flywheel structures. Thus, research 
into this area is extremely relevant.

2. Literature review and problem statement

In [1], the results of studies on the search for the op-
timal shape of the flywheel are reported. An attempt is 
made to link the specific energy of the flywheel and the 
strength of its material via a certain shape factor. This fac-
tor is used as a measure of the use of flywheel material. Its 
highest value is given for the Laval disk, slightly lower for 
a disk with a rectangular cross-section. However, the re-
sults acceptable for a linear stress state cannot be properly 
and correctly extended to flat and volumetric stress states 
using this artificial factor.

Work [2] also describes the results of a study on the search 
for the optimal shape of the flywheel. The found shape has a 
pear-shaped cross-section, with the metal displaced towards 
the axis of rotation. This shape also resembles the Laval disk, 
although it differs from it. Therefore, the cited paper does 
not contain results that are fundamentally different from [1].

Work [3] reports the results of searching for the optimal 
shape of the flywheel. The optimal shape is considered to 
be the Laval disk, as well as a similar disk with a Gaussian 
cross-section. Therefore, the authors of [3] do not give results 
that are fundamentally different from those in paper [1].

Study [4] describes the results of research on finding the 
optimal shape of the flywheel. The advantages of aluminum 
alloy flywheels are shown without analytical justification. 
The shape factor was not used. As a result of optimization, 
the triangular cross-section was recognized as the best. 
These results do not even agree with the results of research 
on the flywheel with a rim disk, which were reported in [4].

Paper [5] describes the results from a study on finding the 
optimal shape of the flywheel with a rim disk. It is shown that 
the optimization of such a flywheel has some features. Howev-
er, a flywheel with a rim disk is prone to bending deformations 
and, accordingly, to local increases in stress. In addition, the 
use of a flywheel with a rim disk causes high air resistance or 
requires insulation of the flywheel in a vacuum [6]. All this 
limits the prospects of flywheels with such a structure.

In [7, 8], the results of research on finding the optimal 
shape of the flywheel taking into account the plane stress 
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state are reported. During optimization, it was found that the 
best shape is a flywheel with a small thickening near the axis 
of rotation and a larger thickening outside. In this case, the 
results by different authors, obtained by similar methods, are 
similar to each other, but contradict the findings from [1–4]. 
In addition, in [7, 8], insufficient attention is paid to the fly-
wheel material.

In [9], the results of studies on finding the optimal shape 
of the flywheel taking into account the plane stress state are 
described. The technique for obtaining the solution is some-
what different from that used in [7, 8]. Accordingly, the result 
is different. Based on work [9], the best shape of the flywheel 
is similar to that obtained in [7, 8], but slightly closer to cy-
lindrical. But it also contradicts the results reported in [1–4].

In [10], the results of research on optimizing the dimen-
sions of a cylindrical flywheel taking into account the mate-
rial are described. The problem was solved analytically for 
a plane stress state. However, optimization of the flywheel 
shape was not taken into account in the work.

In [11], the results of a study on the analysis of the vol-
umetric stress state of several flywheel designs made of 
different materials using the finite element method (FEM) 
are reported. However, these structures were compared but 
not systematized. The cited work does not provide an analyt-
ical justification for comparing designs, and no new types of 
structures are proposed.

Thus, in works [1–5, 7–11] there is no single approach to 
optimizing the flywheel shape. The best solutions are consid-
ered to be a Laval disk [1], a rectangular cross-section [1, 10], 
a pear-shaped cross-section [2], a Gaussian cross-section [3], 
a triangular cross-section [4], a small thickening near the 
axis of rotation, and a larger thickening outside [7–9]. The 
authors of [1–4] strive to bring the metal closer to the axis of 
rotation. The authors of [7–9], on the contrary, are inclined to 
a constructively balanced distance of the metal from the axis 
of rotation. These results are contradictory and often mutual-
ly exclusive, even in the case of the same problem statement. 
Whereas the rational choice of material is noted, it is consid-
ered separately from the optimization of the flywheel shape. 
This allows us to argue that it is advisable to conduct a study 
aimed at searching for a general systematic approach to the 
optimization of the flywheel shape.

3. The aim and objectives of the study

The aim of our research is to devise a consistent approach 
to optimizing the shape of the flywheel. This could allow for 
the design of a promising new flywheel structure.

To achieve the goal, the following tasks were set:
– to reconstruct the analytical basis for optimizing the 

shape of the flywheel;
– to perform comparative calculations for three typical 

flywheels;
– to consider simultaneous optimization of the shape 

and material of the flywheel with the design of a bimetallic 
structure.

4. The study materials and methods

The object of our study is a flywheel. The principal hy-
pothesis of the study assumes that the inconsistency in the 

results of optimizing the flywheel shape is due to the funda-
mental properties of its structure.

The study used both analytical methods that make it 
possible to identify fundamental relationships between 
the flywheel parameters as well as FEM, which provides 
the ability to calculate the volumetric stress state of bodies 
of complex shape. The properties of materials were taken 
into account according to the relevant standards for them. 
It was assumed that the flywheel operates within the pro-
portionality limit of its material. As a simplification, the 
study assumed that the flywheel moves with a constant an-
gular velocity. Operating modes with angular accelerations 
were not considered, because they are not fundamental. In 
addition, it was assumed that the force of gravity can be 
neglected as relatively small. It was also believed that the 
issues associated with the flywheel supports go beyond the 
scope of our study.

5. Results of devising a sequential approach to opti-
mizing the shape of the flywheel

5. 1. Reconstruction of the analytical basis for opti-
mizing the shape of the flywheel

It is well known from theoretical mechanics that it is the 
annular shape of the flywheel (Fig. 1) that provides the great-
est value of the ratio of its kinetic energy T to mass M (specific 
energy W). For such a shape, the moment of inertia I

2 ,I M R= ⋅ 	 (1)

where R is the radius of the ring.
Accordingly, kinetic energy has been defined as

2 2 20.5 0.5 ,T I M Rω ω= ⋅ ⋅ = ⋅ ⋅ ⋅ 	 (2)

where ω is the angular speed of rotation of the flywheel, rad/s.

The specific energy was calculated as

2 20.5 .TW R
M

ω= = ⋅ ⋅ 	 (3)

The relationship with the strength parameters was 
determined from the calculation scheme shown in Fig. 2. 
When rotating at a constant angular velocity, an infinitely 
small segment of the flywheel with an angular size dα is 
acted upon by a uniformly distributed centrifugal force q, 
which is balanced by longitudinal internal forces N. In the 
projection onto the vertical axis, the equilibrium equation 
takes the form

Fig. 1. Ring-shaped flywheel
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2 sin .
2

dN q R dα α⋅ ⋅ = ⋅ ⋅ 	 (4)

Equation (4) has been simplified given that the sine 
of an infinitesimal angle is approximately equal to the 
angle itself

.N q R= ⋅ 	 (5)

Distributed centrifugal force q

2

,dm Rq
R d
ω
α

⋅ ⋅
=

⋅
	 (6)

where dm is the mass of the smallest sector of the flywheel

,dm F R dρ α= ⋅ ⋅ ⋅ 	 (7)

where ρ is the density of the flywheel material, kg/m3; F is the 
cross-sectional area of the ring, m2.

Substituting (7) in (6), we obtained

2 .q F Rρ ω= ⋅ ⋅ ⋅ 	 (8)

Substituting (8) into (5), we obtained

2 2 .N F Rρ ω= ⋅ ⋅ ⋅ 	 (9)

Accordingly, normal stresses σ, Pa

2 2 .N R
F

σ ρ ω= = ⋅ ⋅ 	 (10)

The result (10) fully corresponds to the result obtained by 
another method in [12], which confirms its correctness.

In a rational structure of a flywheel, it is necessary to 
strive for equal strength. Since the material of the ring must 
be maximally loaded, in the condition of strength the in-
equality was replaced by equality

2 2 [ ],Rσ ρ ω σ= ⋅ ⋅ = 	 (11)

where [σ] is the permissible stress, Pa.
Then

2 2 [ ] .R σω
ρ

⋅ = 	 (12)

Substituting (12) in (3), we obtained

[ ]0.5 .W σ
ρ

= ⋅ 	 (13)

The result (13) in one form or another is noted in various 
literary sources and serves as the basis for the conclusion 
about the rationality of using those materials in flywheels 
that simultaneously have low density and high strength 
characteristics. As a rule, titanium and aluminum alloys 
are termed as such materials, as well as more modern and 
expensive materials. High-strength aluminum alloys could 
be a rational choice taking into account the factor of eco-
nomic feasibility.

However, when searching for a rational shape of the 
flywheel cross-section, it should be taken into account that 
formula (12) can be rewritten in the form

[ ] .R σω
ρ

⋅ = 	 (14)

From formula (14) it is clear that when the material 
is selected, the minimum mass of the flywheel is already 
predetermined. The designer may prefer to increase the 
angular velocity or, conversely, increase the radius, taking 
into account the specific requirements for dimensions, 
supports, and drive, but this will not have a significant 
impact on the mass.

From the point of view of shape optimization, there is 
a contradiction: moving the material away from the axis of 
rotation increases the moment of inertia, but moving the 
material closer to the axis of rotation reduces stress and 
allows for an increase in the rotational speed. The situation 
is somewhat complicated if we consider that the flywheel 
ring must be somehow connected to the shaft, and the 
cross-section of this ring has specific dimensions and shape. 
Accordingly, radial stresses are added to the circumferential 
ones, which corresponds to a plane stress state. In fact, a 
volumetric stress state emerges.

In essence, formula (14) means that any objective 
function related to the rational use of flywheel material 
will take a very complex form with a large number of local 
extrema. This is why the results of flywheel shape optimi-
zation obtained by different researchers are so different 
from each other.

5. 2. Performing comparative calculations for three 
typical flywheels

To illustrate the above, a comparative calculation was 
performed for two specific flywheels that have common 
features and differences. A sketch of a flywheel made of 
ordinary steel in the form of a cylinder, the metal of which 
is relatively close to the axis of rotation, is shown in Fig. 3.  
A sketch of a flywheel made of high-strength aluminum al-
loy in the form of a disk with the metal mainly remote from 
the axis of rotation, is shown in Fig. 4. Both flywheels are 
mounted on a shaft with the same diameter of 80 mm, have 
the same rotational speeds and moments of inertia (Table 1). 
The results from determining the stress state using FEM for 
both flywheels are shown in Fig. 5, 6, respectively, and are 
also summarized in Table 1.

From the analysis of Fig. 5 it is obvious that the stress-
es are distributed over the flywheel extremely unevenly. 

Fig. 2. Calculation diagram
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The maximum stresses act in the area of attachment of 
the flywheel to the shaft. From the analysis of Fig. 6 it is 
obvious that the maximum stresses act in the elements 
connecting the outer ring to the shaft. These are mainly 
radial stresses.

From the analysis of Table 1 it is obvious that the steel 
flywheel has a smaller radial size but loses in width. How-
ever, the flywheel made of high-strength aluminum alloy is 
4.6 times lighter than the steel one, despite the fact that they 
have approximately the same kinetic energy, and the steel 
flywheel is overloaded by 3.3% while the aluminum one is 
underloaded by 11.4%. Accordingly, the specific energy of 
the aluminum flywheel is also 4.6 times higher than that of 
the steel one. This is due, first of all, to the advantage of the 
material, although the shape also has a certain secondary 
importance.

To check the influence of the flywheel shape, another cal-
culation was carried out. For this purpose, a flywheel in the 
form of a Laval disk was used. This Laval disk was made of 
the same material: high-strength aluminum alloy, which was 
used in the second version. A sketch of the third flywheel is 
shown in Fig. 7. Its dimensions were chosen so that they were 
comparable with the second flywheel and the flywheel in the 
form of a Laval disk would have approximately the same mo-
ment of inertia as the first and second variants. From Fig. 7 it 
is obvious that this flywheel also has a tendency to shift the 
material towards the axis of rotation, although from the point 
of view of logic the concave shape of the curves would be 
more suitable for the given purpose than the convex one. The 
use of the Laval disk shape expectedly allowed us to increase 
the rotation speed to 7250 min-1, which is 1.17 times more 
than in the first two variants. Accordingly, the square of the 
speed will be 1.37 times greater. The results from determin-
ing the stress state of the third flywheel are shown in Fig. 8 
and are summarized in Table 1.

From the analysis of Table 1, it is clear that the flywheel 
in the form of a Laval disk is only 1% underloaded, but its 
mass is 1.75 times greater than that of the second variant. 
Although the kinetic energy also increased by approximately 
the same 1.37 times due to the increase in rotation speed, the 
specific energy turned out to be 1.28 times lower than that of 
the second flywheel due to the increase in mass.

Fig. 3. Sketch of a cylindrical flywheel

Fig. 4. Sketch of a ring-shaped flywheel

Fig. 5. Stress state of a cylindrical flywheel
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Thus, the fashionable form of the Laval disk 
turned out to be significantly worse than the 
traditional annular form, even with a smaller 
underload. Moreover, the displacement of the ma-
terial closer to the axis of rotation does not give 

any advantages. On the other hand, the choice of material 
has a significant advantage compared to the optimization 
of the shape.

Fig. 6. Stress state of the ring-shaped flywheel

Fig. 7. Sketch of a flywheel in the shape 	
of a Laval disk

Fig. 8. Stress state of the flywheel in the shape of a Laval disk

Table 1

Results

Variant 1 2 3 4
Shape Cylindrical Annular Laval disk Ring-shaped

Figures 3, 5 4, 6 7, 8 9, 10

Material
Carbon 

steel 1023 
(ASTM)

High-
strength 

aluminum 
alloy 2014-T6 

(ASTM)

High-
strength 

aluminum 
alloy 2014-T6 

(ASTM)

Bimetal (High-strength 
steel 30KhGSA 

DSTU 7806:2015 / 
High-strength alumi-
num alloy 2014-T6)

Density, kg/m3 7,858 2,800 2,800 7,850 / 2,800
Modulus of  

elasticity, GPa 205 72.4 72.4 215 / 72.4

Yield strength, 
MPa 282.7 415 415 830 / 415

Permissible  
stresses, MPa 202 296.4 296.4 592.8 / 296.4

Maximum calcu-
lated stress, MPa 208.7 262.7 293.4 447.0 / 245.2

Maximum  
diameter, mm 540 1000 1080 750

Maximum width, 
mm 370 120 193 168

Mass, kg 651 141.3 246.7 215 (210 / 5)
Moment of  

inertia, kg·m2 24.26 24.27 24.2 24.4

Angular velocity, 
min-1 (rad/s)

6,200 
(649.26)

6,200 
(649.26)

7,250 
(759.22) 6,200 (649.26)

Kinetic energy, MJ 5.113 5.115 6.975 5.143
Specific energy, 

J/kg 7,854.5 36,202.2 28,271.7 23,919.9
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5. 3. Simultaneous optimization of the flywheel 
shape and material with the design of a bimetallic 
structure

It is obvious that another way is needed to improve the 
flywheel shape. Such a way became clear from the analysis 
of Fig. 6. It is necessary to reduce the radial stresses in the 
elements connecting the ring to the shaft by increasing the 
circumferential stresses in the ring. This is possible when 
using one material for the ring and another material with a 
lower modulus of elasticity for the elements connecting it to 
the shaft.

In general, this is, in fact, a way to resolve the above 
contradiction. The flywheel shape should be optimized 
together with the material. According to our results, the 
annular flywheel is the correct starting point for optimizing 
the flywheel shape. Moreover, in the case of a bimetallic 
flywheel, no numerical procedure is even needed since the 
starting point will simultaneously be the end point due to 
design constraints.

Strategically, the use of a rim-disc flywheel is an at-
tempt to implement the same trend but with limited means. 
However, the production of composite flywheels [13] is sig-
nificantly different from this trend and refers to a different 
problem [14, 15] related to flywheels.

The use of multi-disk (multi-layer) structures [16, 17] 
has a similar goal of redistributing mainly radial stresses. 
However, different results are achieved: radial stresses are re-
distributed mainly not into circumferential stresses, but into 
radial loads in the connections between the disks (layers). On 
the other hand, the simultaneous use of different materials 
provides new opportunities in the design of flywheels.

A slightly closer technical solution is to use materials 
with lower strength in areas with insignificant stresses or to 
use anisotropic materials taking into account the direction of 
stress action [18]. But such a complex and expensive approach 
does not solve the problem of stress redistribution.

The closest technical solution is to manufacture a fly-
wheel by winding thin threads of different strong and flexible 
materials onto the hub. This idea was patented, developed, 
and described in detail in [19]. However, this technical solu-
tion is associated not only with the problem of fixing the ends 
of the wound material but also with various vibration effects, 
inevitable even with perfect initial balancing. Thus, the 
body on which the winding is carried out remains a separate 
flywheel made of a monomaterial. An attempt to bind the 
threads in the form of an anisotropic composite material [20] 
leads to a new problem: such a material does not resist radial 
loads well. And even the transformation of this composite 
ring into a multi-disk structure by analogy with [16] does not 
provide the necessary redistribution of radial and circumfer-
ential stresses. 

The proposed solution involves an inextricable connec-
tion of the ring with other elements, despite the fact that they 
are made of different materials. The structure, the sketch 
of which is shown in Fig. 9, was considered as a deliber-
ately imperfect example. The ring is made of high-strength 
steel 30KhGSA DSTU 7806:2015 [21], other elements are 
made of the same high-strength aluminum alloy that was 
used in the two previous versions of the flywheel. The mo-
ment of inertia and the speed of rotation of this flywheel 
correspond to the first and second versions. The basic dimen-
sions of the flywheel, determined taking into account (14), 
are shown in Fig. 9 and in Table 1. The structure was de-

signed as underloaded (preliminary design stress 465 MPa), 
for a first approximation, taking into account the need to 
connect dissimilar materials.

Estimation of the relative circumferential deformation 
εts during deformation of a free steel ring by inertia forces, 
taking into account (10) and data from Table 1

6
3

11

465 10 2.16 10 ,
2.15 10

ds
ts

sE
σ

ε −⋅
= = = ⋅

⋅
	 (15)

where Es is the modulus of elasticity of steel; σds is the prelim-
inary design stress for the steel ring.

The relative radial strain εrs will obviously be equal to the 
relative circumferential strain εts since the perimeter of the 
ring is proportional to its radius. A zero-thickness disk made 
of high-strength aluminum alloy was added between the 
steel ring and the shaft. The relative circumferential and ra-
dial strains are approximately equal to εrs and εts at the point 
of its connection with the ring. Taking into account the value 
of the modulus of elasticity for the high-strength aluminum 
alloy Ea from Table 1, the circumferential σta and radial σra 
stresses were equal to

156.4 MPa.ta ra a tsEσ σ ε= = ⋅ = 	 (16)

Equivalent Mises stress σm in a zero-thickness disk made 
of high-strength aluminum alloy for a plane stress state

( )22 21 .
2m ta ra ta raσ σ σ σ σ = ⋅ + + −  

	 (17)

According to (17), σm = 156.4 MPa as well. These stresses 
will be higher at non-zero thickness of the disk, closer to 
the axis of rotation and during acceleration of the flywheel. 
However, there is almost a double margin before reaching the 
allowable stress of 296.4 MPa, which ensures the realism of 
the proposed technical solution.

These analytical calculations were also checked us-
ing FEM. The results from determining the stress state of the 
fourth flywheel are shown in Fig. 10 and are also summa-
rized in Table 1. From the analysis of Table 1 it is obvious that 
the analytical assumptions, taking into account the non-zero 
thickness of the disk made of high-strength aluminum alloy, 
are generally confirmed.

The flywheel is underloaded by 24.6% for steel and by 
17.3% for aluminum alloy. However, its mass is three times 
less than that of the first variant. And although it is larger 
than that of the second variant, it is smaller than that of the 
third. At the same time, there is an advantage in overall di-
mensions compared to both of these variants.

In terms of specific energy, there is an advantage com-
pared to the first variant by 3.05 times. The specific energy 
is predictably somewhat lower, but comparable to the second 
and third variants made of high-strength aluminum alloy. 
However, if the fourth variant is additionally loaded by in-
creasing the rotation speed by 8%, its specific energy will be 
equal to the specific energy of the third variant.

It is quite reasonable to assume that if in the proposed 
technical solution, the ring is made of a high-strength alumi-
num alloy, and the disk is made of a material with an even 
lower modulus of elasticity and density, then the value of the 
specific energy will be much higher than in all the options 
considered here.
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6. Discussion of results related to devising a sequential 
approach to optimizing the shape of the flywheel

Our results are reflected at the analytical level for the 
linear stress state in formula (14), which shows the most fun-
damental relationships between the main parameters of the 
flywheel. For the volumetric stress state, the results obtained 
are more clearly displayed in Fig. 5, 6, 8, 10, and in Table 1. 
In particular, Fig. 5, 6, 8 show the distribution of stresses in 
flywheels of different designs. Figure 10 illustrates the redis-

tribution of stresses in the proposed bimetallic design. These 
results can be attributed to the very nature of the processes 
that occur in the flywheel material under inertial loads.

Unlike works [1–5, 7–11], which only consider the opti-
mization of the shape and dimensions of a flywheel made of 
a predetermined material, the optimization of the flywheel 
shape together with the material allowed us to avoid contra-
dictory results and to propose an excellent approach to the 
design. The advantages are provided primarily due to this 
feature of the proposed solutions. It is from the optimization 
of the flywheel shape together with the material that the 
decision to use one material for the flywheel ring and an-
other material with a lower elastic modulus for the elements 
connecting it to the shaft follows. It was also shown that 
the annular flywheel is the correct starting point for shape 
optimization. In particular, the authors of [1–4] reported 
results that bring the metal closer to the axis of rotation. 
The authors of [7–9] described results that, on the contrary, 
move the metal away from the axis of rotation. In our study, 
solutions are proposed that redistribute stresses within the 

bimetallic structure. These solutions are the basis 
of a general systematic approach to optimizing 
the flywheel shape. They completely avoid the 
inconsistency of results found by other researchers 
because optimizing the flywheel shape together 
with the material changes the very nature of the 
objective function. In addition, design constraints 
further eliminate the possibility of obtaining con-
tradictory solutions.

One of the sources that confirm the results is the 
data from literature. In particular, work [5] reports 
data on a steel flywheel with a rim disk. This pro-
vides an opportunity to compare with the first and 
fourth calculation options, where the main material 
is also steel, and the shape and dimensions are also 
comparable. Thus, for the flywheel in Fig. 3 (the first, 
basic option) according to Table 1, the specific energy 
is 7854.5 J/kg. According to [5], the specific energy 
is 10493 J/kg. Such an increase is natural because the 
shape of the flywheel with a rim disk is more perfect 
than that of the cylindrical one. For the bimetallic 
flywheel in Fig. 9 (the fourth option) according to 
Table 1, the specific energy is 23919.9 J/kg. Such an 
increase is also natural because the design and com-
bination of materials of the bimetallic flywheel are 
even more perfect.

The practical significance of our work is the pos-
sibility of improving the design of the flywheel. In 
particular, reducing the mass of the flywheel while 
maintaining its energy capacity and using tradi-
tional materials leads to a decrease in the mass and 
cost of other parts and devices that work in a single 

complex with the flywheel. This contributes to improving 
dynamic characteristics, reducing costs, and simplifying in-
stallation and maintenance. The overall result is an increase 
in the efficiency of the device. This is especially important 
for mobile vehicles where flywheels are increasingly used as 
energy storage devices.

The limitations of our results that must be taken into ac-
count when applying them are the failure to take into account 
the influence of non-stationary operating modes, as well as 
the failure to take into account the force of gravity and the 
vibration processes that it causes during rotation.

Fig. 9. Sketch of a ring-shaped bimetallic flywheel

Fig. 10. Stress state of a ring-shaped bimetallic flywheel
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The disadvantage of the current study is that only one 
pair of bimetallic flywheel materials was considered. An-
other disadvantage is the lack of experimental verification, 
which is beyond the scope of our study. However, the design 
results taking into account analytical formulas (14) and (17), 
shown in the form of sketches in Fig. 3, 4, 9, led to an accept-
able correspondence between the maximum design stresses 
obtained using FEM (Fig. 5, 6, 10) and the allowable stresses 
(data are summarized in Table 1). Therefore, it can be stated 
that the results of calculations obtained by different methods 
also indirectly confirm each other. 

To build on our study, it is planned to conduct a com-
parative calculation of a flywheel with a ring made of high-
strength aluminum alloy and a disk made of alternative 
materials. Such a choice of materials is due to the expected 
significant increase in specific energy, which opens up pros-
pects for reducing mass, improving dynamic characteristics, 
reducing cost, and overall increasing the efficiency of the 
structure. After obtaining theoretical results, experimental 
studies are planned to confirm them.

7. Conclusions 

1. For a ring-shaped flywheel, the limiting product of 
the radius and the angular velocity of rotation is determined 
by the characteristics of the material and remains a con-
stant value. For flywheels of other shapes, this dependence 
becomes more complicated, which is one of the reasons for 
the contradictory optimization results reported in scientific 
literature. The use of the so-called shape coefficient, which 
should characterize the efficiency of material use depending 
on the geometry, does not eliminate the specified problem 
and in some cases even exacerbates it.

2. Bringing the material closer to the axis of rotation, 
including the use of a Laval disk, does not provide any ad-
vantages. Analysis reveals that the choice of material has a 
much greater impact on the efficiency of the flywheel than 
the optimization of its shape.

3. It is proposed to optimize the shape of the flywheel 
simultaneously with the material. This approach eliminates 
the contradiction of optimization results due to the change 
in the nature of the objective function. It is advisable to 
use a ring-shaped flywheel as an initial configuration for 
further optimization. In the case of a bimetallic structure, 
this initial configuration is simultaneously final due to the 
existing design restrictions. A promising technical solution 
is to use one material with a high modulus of elasticity for 
the flywheel ring and another material with a lower modu-
lus of elasticity for the elements connecting the ring to the 
shaft. In particular, a bimetallic flywheel of annular shape 
has a specific energy 3.05 times higher compared to the 
basic version.
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