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Abstract: The article analyzes the design of mechanical energy drives and their use areas. Based on the analysis, the
kinetic energy drive designis based on the composite material's flywheel, capable of working with a high frequency of rotation.
The most optimal flywheels in terms of accumulation of kinetic energy and at the same time the maximum strength of the design
are proposed, and their numerical simulation is carried out. The modal analysis results established the values and forms of the
eigenfrequencies of oscillations of rotors with flywheels of various structures, which allows controlling the process of overclocking,
knowing the limit values of the maximum permissible frequency of rotation of the flywheels. Numerical modeling established that
the flywheel's shape and its mass significantly affect the rotor speed limit with the flywheel. At the same time, the flywheel with
the lowest mass but the highest frequency of rotation has the maximum specific energy intensity per unit of mass, which deter-
mines it as the most effective option in terms of the cost of material and the use of this design in devices for energy accumulation
during the operation of technological equip-ment. The calculation results also show that the lamb flywheel has the most incredible
absolute energy in-tensity. Simultaneously, the costs of the composite material above 68% are compared with the flywheel, which
has the maximum specific value of the energy intensity per 1 kg of its mass.
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Streszczenie: W artykule przeanalizowano konstrukcje napedéw mechanicznych oraz obszary ich zastosowania. Na pod-
stawie przeprowadzonej analizy opracowano projekt napedu kinetycznego opartego na sprzegle z materiatu kompozytowego,
przeznaczonego do pracy z wysoka czestotliwoscig obrotowg. Zaproponowano najbardziej optymalne kota zamachowe pod
wzgledem akumulacji energii kinetycznej i jednocze$nie maksymalnej wytrzymatosci konstrukcji oraz przeprowadzono ich sy-
mulacje numeryczng. Na podstawie wynikéw analizy modalnej ustalono wartosci i postaci czestotliwosci wtasnych oscylacji
wirnikéw ze sprzegtami o réznych konstrukcjach, co pozwala na sterowanie procesem, znajgc graniczne wartosci maksymailnej
dopuszczalnej czestotliwosci obrotéw. Na podstawie modelowania numerycznego ustalono, ze ksztatt sprzegta oraz jego masa
majg istotny wptyw na ograniczenie predkosci obrotowej. Jednoczesnie sprzegto o najmniejszej masie, ale najwiekszej czestotli-
wosci obrotdbw ma maksymalng jednostkowa energochtonnosé, co $wiadczy o tym, ze jest to najbardziej efektywny wariant pod
wzgledem kosztéw materiatowych i zastosowania tej konstrukcji w urzgdzeniach do gromadzenia energii podczas pracy urzadzen
technologicznych. Poréwnano koszt dla sprzegta o zawarto$ci materiatu kompozytowego powyzej 68% z kosztem sprzegta, ktére
ma maksymalng warto$¢ jednostkowg energochtonnosci na 1 kg masy.

Stowa kluczowe: sprawno$¢ energetyczna, moment bezwtadnosci, czestotliwos¢ wiasna, wirnik, wiékno weglowe

Introduction

In connection with the active development of the
world's technical progress in the XXI century, energy
re-source consumption increased significantly [23]. Sin-
ce the planet's fossil resources have a limited reserve,
humanity is already whiter than 20 years increases the
volume of energy production by developing new and
improving existing methods based on the use of rene-
wable energy sources. The energy of wind, sun, water,
geothermal energy, and biofuels, whose share in total
since 1999, has increased ten times [24]. The Euro-pe-
an Union countries plan to increase renewable energy
sources from 20% in 2020 to 32% by 2030 [25, 26]. By
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2050, an increase in energy consumption is predicted by
more than two times compared with 2020 [23]. To pre-
serve the world ecosystem, there is no other option ex-
cept renewable sources. In the future, it is expected that
the entire energy market will be captured by them [15].
Also, renewable sources are necessary for the regions
where it is difficult and expensive to mount the power
grid, while much energy is lost when transmitting it over
long distances. However, one of the main aspects rema-
ins its accumulation and returns at a particular time. Cur-
rently, lithium-ion batteries and hydro accumulators used
in reservoirs [27, 28] are the most common accumulation
methods. Nevertheless, lithium-ion batteries are very de-
pendent on the temperature regime and relatively short
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service life and disposal problems. The main disadvan-
tage of hydro accumulators is their cost and non-clean.
Therefore, recently develops on the improvement of me-
chanical drives of flying type energy and their mass intro-
duction in all areas of human life, where fast returns and
high KPD are needed [29].

Literature Review

The latest research confirms the relevance of the de-
velopment and research in mechanical energy drives with
flywheels. Namely, D. Erdemir in [5] on the example of
the practical use of flywheels in rapidly charging electric
buses with a drive from renewable energy sources pro-
ved that power reduction could be reached electric bat-
teries from 60% to 72% due to energy accumulation in
flywheels.

In [21], we are modeling a flywheel with variable iner-
tia in the design of a diesel generator using a flywheel
rotation, depending on the generator shaft's rotation
frequency, making it possible to increase the efficiency
and reduce the shock loads of the mechanism. In studies
[2, 6, 7,9, 11, 16], a comprehensive review of the ener-
gy accumulation system's technology with the flywheel
is shown. Practical ways of developing this tech-nology
in the future are presented in the scheme of wind power
and solar energy to prevent sharp voltage drops in power
systems using optimization methods, simulation and si-
mulation methods, and active control systems.

K. Pullen in [12] and A. Arabkooohsar in [1] presented
a whole scheme of a mechanical energy storage device
based on flywheel motor-generator, efficiency which re-
aches 85-90%. The diagram [12] is currently used on the
Formula 1 cars for substantially giving the acceleration at
the critical moment and the graph [1] in NASA satellites.

M. Spiryagin and P. Wolfs In [18], the modeling of the
Flywheel-diesel engine's hybrid system for heavy-duty lo-
comotives was performed, the results of which are confir-
med by experimental studies. Also in the paper presents
the developed integrated intelligent control system for
traction. What made it possible to get fuel economy. Work
[14] S. Rastegarzadeh is devoted to creating a new mo-
dular design of the rotor with a flywheel consisting of a set
of rings to optimize power consumption in the subway
trains made it possible to reduce energy consumption by
35%. The development and testing of the two-pole mass
device with the inertia variable's flywheel are represented
by S. Yang in [19], which shows the flywheel's design with
four sliders. It allows changing the equivalent mass as the
speed of rotation of the flywheel changes to optimize the
device's operation and increase its efficiency.

J. Zhao's research was focused on inertia studies
[22], which presents the technology of measuring the
flywheel's inertial masses using the Mass-Spring model
as the simulation models of the flywheel before or after
attaching counterweights in the SIM-Mechanics applica-
tion from Matlab.
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R. Miyamoto and A. Goedtel in [10] proposed a way
to connect to an electrical network of an induction gene-
rator with a short-circuited rotor connected to a cylindrical
flywheel with high inertia to reduce perturba-tions during
a transition in the electrical grid.

The work [17] is devoted to developing a design ba-
sed on Maxwell's lift forces and Lorentz to stabilize the
flywheel using minimal power losses, even with a signifi-
cant increase in the size of the flywheel.

The hybrid designs of electrical mechanisms using
flywheels are equipped with the most advanced tech-
-nical solutions, in particular W. Yang in [20] proposed
an integrated triboelectric nanogenic with a flywheel and
a spiral spring to improve energy collection during inter-
mittent excitation/launches.

In [3, 8, 13], the advantages of flywheels made of
light and durable materials, such as carbon fiber and
nanocomposites, and identified areas of their using by
a multi-criteria decision-making method for selecting and
verifying the fabric of the flywheel design.

From the review of literary sources, it follows that the
development of designs of flywheels and hybrid sys-tems
based on the use of regenerated energy sources is an
urgent task. But in these studies, issues regard-ing the
prospects for the benefit of flywheels in machine-building
enterprises' technological equipment and the analysis of
the design parameters of flywheels from composite ma-
terials by methods of finite element analysis. The use of
kinetic energy drives in technological equipment is also
relevant and because the ma-chine's rotating spindle is
spent either the energy of the electromagnetic field or the
stop occurs with the help of friction brake mechanisms.
This carries the additional costs of electricity or the need
to use brake mechanisms that are wearing in the work
process require repair and replacement.

Thus, the study aims to determine the optimal form
and material of the flywheel for the mechanism of en-ergy
recovery from the drive of metalworking machines using
finite element analysis methods.

Research Methodology

Development of a mechanical energy storage concept for me-
talworking equipment
Energy accumulation and storage systems using
a flywheel can be divided into two main categories;
The first is a system with low flywheel rotation speeds
(less than 10 000 revolutions per minute); The second is
a system with a high speed of the flywheel (up to 60 000
revolutions per minute). In general, the second system
consists of:
- electric generator motor, which runs as an engine
when charging and as a generator during discharge;
- flywheel of the rotor, which retains kinetic energy;
- magnetic bearings to reduce friction losses;
- bidirectional converter providing electrical power in
both directions during charging and discharge;
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- vacuum pump to create a vacuum in the rotation
chamber.

As already mentioned in the literary review, such sys-
tems are actively used in wind power, hybrid installations,
in racing cars. Still, references to the use of mechanical
energy drives in metalworking equipment failed to find.
Therefore, the article proposes an embodiment of an
automaticmovement based on a stationary installation
of kinetic energy accumulation based on a flywheel from
a composite material with a high speed of rotation using
magnetic bearings.

The rotor design concept with the flywheel, the gene-
rator, and bearings is shown in Fig. 1.

Radial
Bearing

Radal

Axial
Bearing

_ Motor/Generator
Bearing

Staft

Fig. 1. Principle scheme of mechanical energy storage

Flywheels with low speed are made, mechanical or
magnetic bearings maintain steel and rotor. High-speed
flywheels typically use lighter but durable composite ma-
terials and use exclusively magnetic or hydrostatic be-
arings. The cost of the energy accumulation system with
high-speed flywheels can be five times higher than the
cost of systems with a low speed of the flywheel. The
energy accumulation system's worth depends on the pri-
ce of all parts and components used, especially from the
flywheel's cost that allows a high rotation speed. There-
fore, it is necessary to minimize the use of an expensive
composite material in the mechanical energy storage sys-
tem design for metal-cutting equipment but simultaneo-
usly achieve a sufficiently high energy density by studying
the various configurations of the flywheels (Fig. 2). The
flywheel designs with convex and concave radii of side
surfaces were chosen based on recommendations [4] at
the flywheel design's maximum flatness coefficients (Fig.
2 a, b). At the same time, it is proposed to reduce the
volume of composite material, in addition to the above
structures (Fig. 2 a, b), explore the flywheels with holes
located around the circle (Fig. 2 c, d).

5 omb 2150

5 omb #7150

Fig. 2. Flywheel designs for research: a - with concave side surfaces; b - with convex side surfaces; c - with con-cave side surfaces
and radially located holes; d - with convex side surfaces and radially located holes

Development of design and rationale for choosing materials
for mechanical energy storage

Based on the concept (Fig. 1), the selected sizes of
the flywheel, the parameters of the magnetic bearings,
and the rotor's size, a design of a mechanical energy sto-
rage device is proposed, placed in a closed case with
a lid (Fig. 3). As a material for the body and the cover,
castiron is used, so it is cheap and has a reasonably high
weight to preserve the position's stability while working
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without the use of a large number of fastening elements.
To eliminate losses for friction, the flywheel in the cham-
ber of the case will be created by a vacuum. Magnetic
bearings also exclude friction in the rotor supports. As
a rotor shaft materialto reduce its mass, the titanium alloy
WT1-0 is adopted to ensure sufficient strength.

To increase the flywheel's strength characteristics
as a material, a carbon fiber HEXTOW AS4 is se-
lected. HEXTOW Carbon Fiber AS4 is a continuous,
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high-strength, spectacled PAN-based fiber (polyacryloni-
trile). The flywheel, entirely made of carbon fiber, fasten
directly on the rotor shaft is not possible without additio-
nal parts of the design.

Fig. 3. 3D-model of the proposed design of the mechanical
energy storage with flywheel

Fig. 4. Connection sleeve-flywheel

Table 1. Physical and Mechanical Properties of Rotor Materials

Modulus of

Therefore, to possibly molding a carbon fiber, its me-
chanical processing, and balancing separately from the
rotor in the mechanical energy drive's proposed method,
the flywheel is composite. It consists of a central sleeve
and a direct flywheel from the composite material (Fig. 4).
The mid sleeve has a base surface for planting a flywheel
on the rotor shaft, the material of which is adopted by
titanium alloy W1-0. The physicomechanical properties
of the materials of the flywheel, the rotor shaft, and the
central sleeve are presented in tab. 1.

According to the built 3D models of the designs
of flywheels (Fig. 2 A-d), we define the masses of the
flywheels and the inertia moments according to the for-
mula for parts of the type of disc, and the results of the
calculations are reduced to the Tab. 2.

I =>mR? M
2

m — a mass of the disk, kg;
R — disk radius, m.

To determine the number of stored kinetic energy, the
flywheel needs to know its maximum permissible rotation
frequency. This implies the definition of its frequencies
of the designed structure to eliminate resonance appe-
arance, which is possible using programs for the finite
element analysis.

Ultimate strength

Material .. . , . Density p, Tensile strength ] Yield strength o,,
(DIN standard) elas(t;;laty E, Poisson'’s ratio p kg/m® [0], GPa of cE)aT]plggzlon, GPa
Titanium alloy

WT1-0 88 0.33 4820 0.860 0.860 0.585

Carbon fiber

HexTow AS4 231 0.15 1790 4.720 4.720 -
Table 2. Results of calculations of the mass-center characteristics of flywheels

n Mass flywheel . .
Flywheel design paeiate without the basic sleeve, ASTTE L ETE,
of the flywheel kg kg * m2

With concave side surfaces 2a 27.8 1.251
With convex side surfaces 2b 28.2 1.269
With concave side surfaces and radially located holes 2c 17.9 0.806
With convex side surfaces and radially located holes 2d 16.7 0.752
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Results

Study of eigenfrequencies of oscillations of the rotor mecha-
nical energy storage

To prevent the resonance phenomenon during the
mechanical drive of energy due to the coincidence of its
oscillations with equipment fluctuations in the working
workshop, we define our frequencies using the built-in
MODAL ANALY SIS module in the Ansys Workbench esti-
mated complex. Equipment fluctuations arise as a result
of its work in the cutting process. The analysis results
make it possible to determine the critical frequencies
of oscillations and prevent these values' achievements

0,00

Fig. 5. Boundary conditions with finally element modeling of
the rotor

a

when the flywheel is accelerated (Tab. 3). When calcu-
lating the rotor shaft, the central bush and the flywheel
bind to each other by combining the nodes with the type
"Bonded" contact. This is justified because the landing of
the sleeve on the shaft is carried out on triangular slots
with tension, and the flywheel is connected to the central
sleeve tight bond by laying the fibers into unique grooves
and filling fibers with epoxy resin. Fixing in the process
of modeling was made according to the raw surfaces of
radial bearings, which is shown on the example of the
rotor with a flywheel, which is characterized by concave
side surfaces and radially located holes (Fig. 5), the finite
element mesh of which is presented in Fig. 6.

Fig. 6. A finite-element mesh of the rotor

Cc

Fig. 7. lllustrations of own oscillation frequencies: a - the first frequency; b - second frequency; ¢ — the third fre-quency

An example of the first three-eating frequencies
of oscillations for a rotor with a flywheel with convex
side surfaces and radially located holes is shown in
Fig. 7. Also, to control the frequency of rotation of the
flywheel and preventing the exit to the resonance region,
the frequency of oscillations in turns in one minute by
multiplying the calculated frequency by 60 is carried out
by multiplying the calculated frequency.
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Tab. 3 shows that the rotor's design with a flywheel
characterized by convex side surfaces and radially
located holes has the most significant value of the first
one's frequency. This means that this design is most
resistant to external fluctuations since entering the
resonance from external sources is the least likely among
the rotors' constructions.
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Table 3. Researches of studies of eigenfrequencies of rotor oscillations with various designs of flywheels

Rotor with Flywheel Design

With concave side surfaces
With convex side surfaces
With concave side surfaces and radially located holes

With convex side surfaces and radially located holes

To determine the most significant energy efficiency
of the designs under consideration, we define a possible
amount of pointed kinetic energy by the formula:

E =%Im2 @)

| — a moment of the disk inertia;
w — the angular speed of the disk, sec™.

w== 3
== 3)

n — frequency of rotation of the disk, rpm.

It has been established that the rotor with a flywheel
with convex side surfaces and radially located openings
has the most significant kinetic energy value stored by the
flywheel per 1 kg of mass. Simultaneously, the flywheel
mass is 16.7 kg, which is less than that of other desi-
gns' flywheels under consideration. In absolute terms, the
most significant amount of kinetic energy is 9.9 MJ at the
speed of 37680 rpm allows you to accumulate a whole
flywheel with convex side surfaces. Still, it has the most
significant weight of 28.2 kg.

Conclusions

1. With the help of numerical modeling of rotors with va-
rious designs of the flywheels, their frequencies are
defined, which will control the limit rotation frequency
with the flywheel, which will avoid its destruction. It is
also established that the rotor resonance caused by
the coincidence of its frequency with the frequencies
of the equipment in the workshop is unlikely since the
smallest first critical frequency of the rotor from all the
studied structures is 436 Hz, which corresponds to 26
160 rpm.

2. It has been established that the design of the rotor
with a flywheel from the composite material Hextow
AS4 with convex side surfaces and radially located
holes at a weight of 16.7 kg has the most conside-
rable specific amount of kinetic energy stored by the
flywheel per 1 kg of mass — 0.457 MJ/kg. In absolute
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Eigenfrequencies of rotor oscillations,
Hz / Rotor rotation frequency, rpm

1 2 3
594 / 35640 725 /43500 726 / 43560
628 /37680 803 /48180 804 / 48240
436 /26160 469728140 499 /29940
717 143020 839 /50340 840 /50400

ex-pression, the flywheel of this design can accumula-
te 7.6 MJ energy at 43020 rpm. Thus, the theoretical-
ly proved the possibility of using mechanical energy
storage with the flywheel in metalworking workshops'
tech-nological equipment.

Thus, the flywheel's design with convex side surfaces
and radially located holes is most optimal from the
point of view of energy intensity and the composite
material cost because it has a lot of 11 to 68% less
than the designs under consideration.

3. Further research is aimed at a dynamic study of the
rotor's accelerating dynamics with a flywheel with co-
nvex side surfaces and radially located holes under
the action of centrifugal forces with a change in over-
-clocking time and acceleration during acceleration to
modes close to the first one's frequency.
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