Design and Analysis of Flywheel Energy Storage System’s Structure

by

Haizatul Hafizah Binti Hussain

Dissertation submitted in partial fulfillment of
the requirements for the
Bachelor of Engineering (Hons)

(Mechanical Engineering)

MAY 2011

Universiti Teknologi PETRONAS
Bandar Seri Iskandar

31750 Tronoh

Perak Darul Ridzuan



CERTIFICATION OF APPROVAL
Design and Analysis of Flywheel Energy Storage System’s Structure
by

Haizatul Hafizah Binti Hussain

A project dissertation submitted to the
Mechanical Engineering Programme
Universiti Teknologi PETRONAS
in partial fulfillment of the requirement for the
BACHELOR OF ENGINEERING (Hons)

(MECHANICAL ENGINEERING)

Approved by,

ALoigfyfr
(Moh‘d’FaJ'éainin Mohd Nor)

UNIVERSITI TEKNOLOGI PETRONAS
TRONOH, PERAK

May 2011



CERTIFICATION OF ORIGINALITY

This is to certify that I am responsible for the work submitted in this pi'oject, that the
original work is my own except specified in the references and acknowledgements, and
that the original work contained herein have not been undertaken or done by unspecified

Sources or persons.

Mgfonk

HAIZATUL HAFIZAH BINTI HUSSAIN

ii



ABSTRACT

This dissertation, entitled “Design and Analysis of Flywheel Energy Storage
System’s Structure” is to fulfill the requirement of Final Year Project 1. The objectives
of this project are to study and understand the principle of operation of the Flywheel
Energy Storage System (FESS), to design new structure of horizontal FESS, to simulate
the structural mechanics of the FESS, and to analyse static and dynamic loads on the
FESS structure. FESS is a system which is targeted to be implemented and utilized as
potential alternative energy in Malaysia, as the issue of oil and gas scarcity and price
high is one of the major problems nowadays. The need for a clean and reliable energy
from FESS is essential to reduce the green house gas emissions. FESS aims to supply
uninterruptible power supply (UPS) to any system that is driven by electrical motor. The
design approach of the system’s structure includes the flywheel design calculations and
shaft design calculations. Detailed design is created and shaft loading analyses are
executed using the Autodesk Inventor Professional Software. The results obtained from
calculations are compared with the results generated by Autodesk Inventor Professional
Software and ANSYS 11.0 Software. To further verify the analyses, simulations of the
static and dynamic analyses are conducted using the ANSYS 11.0 Sofiware. The final
design specifications for FESS show that the most suitable material for a flywheel disc
is stainless steel, with an outer diameter of 0.20 m and a shaft with 0.4 m length and
(.05 m diameter which produce 4392 rpm in its operation. The amount of kinetic energy
that can be stored for a given power of 37285 W i1s 3.98 kJ. As one of the essential
component in the FESS, the shaft design is observed to be safe to function, as it
produces a negligible value of deflection and does not break during rotation. Further
analysis of the electromagnetic flux induced by the system is recommended, besides
generating several configurations of FESS which can give the highest efficiency to the

system.
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CHAPTER 1

INTRODUCTION

1.1 Background

This project is focused on designing and analysing the flywheel energy storage system’s
(FESS) structure. Flywheels have been used to smooth out the rotation of steam engines
and internal combustion engines, where in both cases the pulsed input energy is stored
as rotational kinetic energy in the flywheel. The FESS is also concerned on the
uninterruptible power supplies (UPS). The request in the continuous power supply has
been a great demand in today’s world, as communications which usually use electrical
devices is widely used by everyone in the world. Therefore, UPS are installed in
factories, hospitals, offices, and many other places. Pb-Acid battery system is one of the
most common UPS that utilizes power electronic devices to convert voltage and

frequency.

Flywheels are also being used in hybrid vehicles in the regenerative braking energy. It is
an energy recovery mechanism which slows down a vehicle by converting its kinetic
energy into other form which can later be used immediately or stored for future use.
Since a flywheel is used to smooth out the rotation of an internal combustion engine in a
vehicle, the amount of energy stored is quite small and is limited by the need for the
engine to be able to accelerate reasonably quickly when required. The design of the
flywheel and the method used to transfer energy in and out must be optimized so that a

significant amount of energy can be stored.



1.2 Problem Statement

The need for green technology applications from FESS is essential to reduce the green
house gas emissions. Due to the issue of oil and gas scarcity and price high, researchers
are looking into reliable alternative energy. One possible alternative energy source is
flywheel which concerns on the UPS. The current UPS system is not widely being used
for constant resource of continuous energy. The UPS with flywheel design is still new
and needs further researches to be used as possible power sources in the future. The

need for clean, reliable and perpetual energy is also the aim for this project.
1.3  Objectives and Scope of Study

The objectives of this project are as follows:

» To study and understand the principle of operation of the FESS.

¢ To design new structure of horizontal FESS.

¢ To simulate the structural mechanics of the FESS based on the loads applied.
* To analyse static and dynamic loads on the FESS structure.

The scope of work for FYP I is to do research and understand the FESS, which
comprises of the background, the principle of operation, literature reviews, and the
energy equations related. Design concepts are created using Autodesk Inventor
Professional Software. Following that, the scope of work for EFYP 1l is to continue on the
flywheel design calculation and shaft design calculation. Detailed design, static analysis,
dynamic analysis, and structural mechanics simulations of the FESS structure using
Autodesk Inventor Professional Software and ANSYS 11.0 Software are conducted to
validate the results obtained from calculations. Lastly, the final design specifications of
FESS are specified.



CHAPTER 2

LITERATURE REVIEW

2.1  Principle of Operation of a Flywheel Energy Storage System

Flywheel is essentially a simple device for storing energy in a rotating mass has been
known for centuries (Ashley, 1993). It is only since the development of high-strength
materials and magnetic bearings (DeTersa, 1999) that this technology is gaining a lot
more attention. Using magnetic bearings make it possible to reach high operating speeds
providing cleaner, faster and more efficient bearing equipment at extreme temperatures.
Recently designed flywheels could offer orders of magnitude increases in both
performance and service life (Sung Kyu et al., 2001; Moritz B., 1998; George et al.,
2000), in addition, large control torques and momentum storage capability for space-
craft, launch vehicles, aircraft power systems and power supplies (Anerdi et al., 1994;
Christopher et al., 1998; Rodriguez et al., 1983).

The flywheel system mainly consists of flywheel rotor, motor/generator, magnetic
bearings, housing and power transformation electronic system (Kojima et al., 1997). In
the development of the flywheel, current researches focused on increasing the
performance while meeting the safety considerations. The kinetic energy stored in a
rotating mass is given as:
By =Y Io® [J] (1)
Where [ is the mass moment of inertia and @ is the angular velocity. Mass moment of
inertia can be obtained by the mass and geometry of the flywheel and given as:
I={x’dm, [kgm’] @
Where x is the distance from rotational axis to the difference mass dm,. For solid

cylindrical disk, 7 is given as:



I=Ysmr’? (3)
Where m is the mass and 7 is the radius of the flywheel.
The FESS operates by accelerating the rotor (flywheel) to a very high speed and
maintaining the energy in the form of rotational energy. The flywheel’s rotational
energy is reduced when energy is extracted from the system. Most of them use

electricity to operate and research on using mechanical energy is currently being

developed.
2.2 Types of Flywheel
2.2.1 Internal Combustion Engine Flywheels

Referring to Figure 2.1, the energy is developed during one stroke and the engine is to
run for the whole cycle, utilizing the energy stored during the first stroke. For instance,
for a four stroke internal combustion engine, energy is developed during the power
sttoke, which will eventually supply it back to the engine during the suction,
compression, and exhaust stroke. The energy will be absorbed by the flywheel to be
transferred to the crankshaft for rotational motion at constant speed. When the flywheel
absorbs energy, its speed increases, however when it releases energy, its speed
decreases. Therefore, a flywheel does not maintain constant speed. It simply reduces the

fluctuation of speed of the engine.

Positive loop

Mean resisting
torgue

Negative loop

: I? ;}; AT
Compmssionj Working L Exhaust ‘
- rl—= el

—— Crank angle —

e UG INOMENE -

3

Figure 2.1: Turning moment diagram for a four stroke internal combustion engine

(Juvinall, R. C., Marshek,K. M., 1991)



2.2.2 Punch Press Flywheels

A punch press operates cyclically to stamp out parts or punch holes in parts. The inertial
energy of the system which is contained in an appropriately designed flywheel does the
actual punching. The electric motor that is connected to the punch press is then used to
return the flywheel to its initial punching speed before the next punching cycle begins.
Based on Figure 2.2, the time #; is the length of the actual punching process and time ?;

is the start of the next cycle. During the time interval, £, — ¢;, the system must recover.

T

Tpunch :

Punch Punch

One cycle

Recover

Figure 2.2: Punch press cycle — torque versus time

(Juvinall, R. C., Marshek K. M., 1991)

2.2.3 Solid Disk Flywheels

Figure 2.3 shows a solid disk flywheel with shaft in the middle supported by appropriate
bearings at each end. The applied torque, 7" produces an angular acceleration, a, which
in turn produces an angular velocity, @. The torque, T can vary over time; therefore the

angular acceleration, a, and angular velocity, w must also vary over time.

T=lomo = (Iﬂywheel + Ishaft) a 4)

Where I, 1s the total mass moment of inertia, which is the sum of the mass moment of
inertia of the flywheel (Igwaeer) and the mass moment of inertia of the shaft (/y,z), both

calculated about the axis of rotation.



For a solid disk flywheel with an outside radius (r,) and inside radius (r;) mounted on a
shaft with an outside radius equal to the inside radius of the flywheel, the mass moments

of inertia (Jgmwhreer) and Lqp are given by:
Diponeer = % prt(re’ — 1)’ (5)
Lap= % pc L’ (6)

Where ¢ is the thickness of the flywheel and L is the length of the shaft, and the density,
p of the fiywheel and shaft are assumed to be the same.

t “"U‘" :
L FW"’"’
_._”.fi; ..... . n W%

Figure 2.3: Solid disk flywheel on a rotating shaft
(Juvinall, R. C., Marshek K. M., 1991)

2.2.4 Composite Flywheels

The composite flywheel, as in Figure 2.4 is the simplest design, which is a solid circular
disc. Although this is probably the easiest and most economical design to produce, it is
not the most efficient use of material, which is weight. In fact, better design can be
achieved by moving material from location near the axis of rotation to a farther location
from the axis. This is because the mass moment of inertia is a measure of the
distribution of mass. Mass located farther away from the axis counts more than the same
amount of mass located near the axis. Figure 2.5 shows the composite flywheel
dimensions, which consists of an inner hub, an outer rim, and spokes which connect the
hub with rim. The total mass moment of inertia can be determined by adding up each

component’s mass moment of inertia.
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Figure 2.5: Composite Flywheel Dimensions (Juvinall, R. C., Marshek, K. M., 1991}

Mass moment of inertia of hub

2 2

Tout = 12 Mg (Pg” — Vi )= 1/8 My (dy’ —di) (7)
Mass of the hub is given by:

P =0T W (" — 1) =1/4pm Wy (df” — d) (8)

Mass moment of inertia of rim

2 2
Lrim = Myim ¥o” = Y Myig d() (9)

Mass of the rim is given by:

Myim = 2PT0 )t Wi = PTIAGW iy (10)



Mass moment of inertia of spoke

Lpoke = Mipote(1/12 Lypoke” + Log”) (11)
Mass of the spoke is given by:
Mspoke :pﬂspoker spoke2 =1/ 4pﬂLspokedspoke2 (12)

Total mass moment of inertia, Iywheer = Jhup + Jrim + Npokos Ipoke ~ (13)

2.3  Energy Stored in Flywheel

The energy stored in flywheel based on Figure 2.6 is AE = m.R%.e*.Cs = m.v*.Cs. The

derivation of the equation is as attached in Appendix L
From this equation, the mass of the flywheel rim may be determined. However,

e Only the mass moment of inertia of the rim is considered, whereas the mass moment
of inertia of the hub and arms is neglected. This is because the major portion of
weight of the flywheel is in the rim and a small portion in the hub and arms.
Furthermore, the hub and arms are located nearer to the axis of rotation, which
makes them less significant, in terms of their mass moment of inertia.

o The mass of the flywheel is: m = volume X density

o The cross-sectional arca of the rim is: 4 = & X ¢ (assuming the rim to be rectangular)
Where b = width of the rim

t = thickness of the rim

The maximum kinetic energy that can be stored in a particular flywheel is determined by
the density and the tensile strength of the material chosen to build the flywheel.

Energy density = E/m = k(o/p) (14)

where ¢ is the tensile strength of the flywheel material, p is the density of the flywheel,
and k is a constant depending on the geometry or shape of the flywheel disc (£ is 0.5 for
a thin rim disc; 0.6 for a flat disc; and 0.8 for a truncated conical disc designed to obtain
equal stress throughout the flywheel and therefore maximum energy storage density).



Therefore, to obtain a high-energy density of flywheel, the material used must be of
light weight with high tensile strength.

Figure 2.6: Flywheel with arms (Juvinall, R. C., Marshek K. M., 1991)
2.4  Shaft Design

In shaft design, the typical i1ssues that are taken into consideration are: loads, materials,
environment, vibration, and deflections. Shaft power can be defined as the time rate of

change of energy or better known as work.
Power = Torque x Angular Velocity (15)

Shaft stresses which are bending stress and torsional shear stress can be calculated as

below:
. Mgc
Bending Stress: Ot = Ky - (16)
Mm
Omean = Kpm—2 (17
Torsional Shear Stress: Tar = Kps % (18)
Tmean = kfsmT_'mI' (19)

1

The three common types of vibration that are encountered by shafts are lateral vibration,
shaft whirl, and torsional vibration. In connecting one shaft to another, couplings are

used to accommodate the misalignment that occurs.

9



2.5  Momentary Voltage Drop Protection Using Capacitor Self-Excited Flywheel

Induction Generator

One of the simplest devices to protect from just 0.1 s voltage drop in electrical devices is
by using capacitor self-excited induction generator. An electromagnetic force is induced
in the machine windings due to the excitation by capacitor when an appropriate three-
phase capacitor bank is connected across an induction motor. This is called as capacitor
self-excitation, which can be utilized as generator to run the induction machine. Figure
2.7 shows the whole system of momentary voltage drop protection using capacitor self-

excited flywheel induction generator.

In normal conditions, motor is driven by a power source that sets parallel with specific
load. When voltage drop occurs and volt-meter detects the latter, switch-A (SW.A)
immediately turns off to protect from reverse power. The self-excited induction motor
becomes generator and eventually supplies power to load. As it supplies power, angular
velocity decreases, indicating that the output voltage and frequency decays. After the
line voltage recovers, SW.A turns on immediately while SW.B turns off. One of the
principles of this system is that momentary voltage drop protector supplies frequency
and voltage to the specific load which decrease gradually. Nevertheless, some electronic
devices are not affected by a little fluctuation of line frequency and voltage because
AC/DC converters are embedded in them. Figure 2.8 shows the photo of the induction

motor with flywheel and capacitors.

10



Load

Reconnection Reverse Current
Switch Protection Switch

! Flywheel . e a Power source
T Capacitor :

Figure 2.7: Whole system of momentary voltage drop protection using self-excited

induction generator (Kojima A, et al. (1997)

Figure 2.8: Photo of the induction motor with flywheel and capacitors
(Kojima A, et al. 1997)
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2.6  Japanese Flywheel Energy Storage Program

In Japan, the demand for power is increasing more rapidly than in the United States.
Diurnal or daily load leveling is the most desirable solution, to have a mechanism in
storing power at night and feeding it back to the consumers into the grid during the day.
To cater with this problem, two programs are actively practiced in Japan, which are the
superconducting magnetic energy storage (SMES) program and the superconducting
flywheel energy storage, which focus on diurnal load leveling. Figure 2.9 shows the

concept of daily load leveling by electric power storage system.

Concept of daily load-leveling by electric power storage system

Without load-leveling With load-leveling

lig
i

Figure 2.9: The concept of daily load leveling by electric power storage system (New

Energy charge

Electricity

p.45 +

1

o 12 12 24

hour

Energy and Industrial Technology Development Organization (NEDO) n.d)

Typically commercialized flywheels are made of metal. To maintain the tensile stresses
in the flywheel within reasonable limits, it rotates at relatively low speeds. However, by
increasing rotational speed, it will yield to a large benefit in energy density. Therefore,
today’s flywheels consider using fiber-reinforced plastics (FRP) instead of metal, which
can be engineered to have very high strength in the radial direction, consequently can

produce higher operational speeds. Furthermore, they can also be designed to fracture

12



into small pieces in case of structural failure. An additional advantage of using FRP as
the material for flywheel is that, the lighter flywheel simplifies the design of magnetic

bearing.

Loss in the bearings is the factor that reduces the efficiency of flywheel in the long-term
basis of energy storage. This is because, any mechanical bearing which have direct
contact between the stationary and rotating parts will have enough loss to render the
system uneconomical (Higasa, 1994). To overcome this problem, non-contact active
magnetic bearing that employs conventional clectromagnets is used. Under the same

condition, the rotational loss is 1-10% that of a mechanical bearing.

However, the bearing itself consumes power which is dissipated as heat in the copper
electromagnets. The bearing and cooling system power consumption must be included
in the calculation of the overall system efficiency. Superconducting magnetic bearings
have shown losses of 107 to 107 watts per kg for a 2000 rpm rotor, which indicates to

an overall one-day or “round trip” system efficiency of 84% which is acceptable.

Figure 2.10 and 2.11 show the basic operation of the bearing and flywheel. The
flywheel, at room temperature, carries a permanent ring magnet on its lower surface,
which rides above the superconducting portion of the bearing, consists of an array of
pellets of yttrium-barium-copper-oxide, YBCO. The YBCO traps the magnetic flux
which is produced by the permanent magnet. As long as the pinning force of the YBCO
is not exceeded, the bearing generates restoring forces in order to counter any relative
motion of the superconductor and permanent magnet. Therefore, the bearing is
completely passive and does not require any complex feedback and control circuits

needed for conventional magnetic bearings.

13
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Figure 2.10: Flywheel system and details of superconducting magnetic bearing assembly
(Higasa 1994)

Rotation axis
Permanent magnet

SRR

Superconductor

pinning point

Figure 2.11: Operation of the magnetic bearing (New Energy and Industrial Technology
Development Organization (NEDQO) n.d)
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2.7  Uninterruptible Power Supplies (UPS)

Flywheel stores the kinetic energy mechanically. The most important component of a
flywheel is the mass which stores the energy have shapes such as rings, disks, or discrete
weights. The kinetic energy stored in the rotor of flywheel is directly proportional to the
rotor mass and to the square of its angular velocity. By converting the kinetic energy
(rotating) to electric by motor or generator machine, electricity can be stored. Nippon
Flywheel Corporation is one of the manufacturers that produce flywheel UPS. However,
the flywheel is quite conventional since it is using low angular velocity iron casting

rotor which can only compensate within the range of 5kV A-10 s of power failure.

In normal condition, the input power goes through inverter-1 and LC filter, then only
supplies to the specific load in a form of sine wave. The term storing energy means to
keep the flywheel angular velocity and power flows to the flywheel through the
inverter-2 as shown in Figure 2.12. Therefore, when shutdown or momentary voltage
drop happens, flywheel energy is discharged through both inverters to the specific load.
As a result, UPS can supply constant frequency and voltage to the specific load

continuously.

In the energy storage system where the flywheel system is installed, the flywheel must
be rotating continuously to overcome its mechanical loss that is contributed by windage
loss and bearing loss. The kinetic energy also must be converted to electricity by means
of power electronics devices like inverters which cause idling energy loss and
conversion loss. Basically, the mechanical loss is greater than that of electric. Hence, if
the mechanical loss can be minimized, total flywheel efficiency can be improved
effectively. To achieve that, rotor is driven in vacuum condition by using

superconductive magnet bearing and so on.

15
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Figure 2.12: Whole System of the Flywheel UPS (Nippon Flywheel Corporation)
(Kojima A, et al. 1997)

2.8 Diesel Rotary UPS

Generally, most types of UPS which are battery-powered are used if the main electricity
fails can only store a small amount of energy, which lasts for a few minutes only. A
diesel-generator back-up system is then needed to get a UPS. A Diesel Rotary UPS
(DRUPS) device combines the function of a battery-powered UPS and diesel-generator,
as shown in Figure 2.13. An electrical generator which functions as motor stores the
kinetic energy in an electro-mechanical flywheel. It also functions as active filter for all

sorts of power quality problems, such as frequency variations, harmonics, and others.

When the main electricity supply fails, the stored energy in flywheel is released to drive
the electrical generator, which will then supply power to the load without any
interruption. At the same time, the diesel is started up and after approximately two to
three seconds, the diesel engine takes over from the flywheel to drive the electrical
generator to create the electricity. Typically, a DRUPS has enough fuel to power the
load for days and also weeks if the main electricity supply fails. The advantages of
DRUPS device are higher energy efficiency, smaller footprint, less components usage,

longer technical lifetime, and no chemical waste.

16



A DRUPS device uses the effect of inertia of a high-mass spinning flywheel to provide a
short-term energy supply in case of power loss. Moreover, the flywheel acts as a buffer
against power spikes and sags, since such short-term power events are not able to affect
the rotational speed of the high-mass flywheel. This type of UPS can be considered as
on-line since it spins continuously under normal conditions. Compared to a battery-
based UPS, flywheel-based UPS system typically provides 10 to 20 seconds of
protection before the flywheel slowed down and the power output stops. It is usually
used together with the standby diesel-generators, which provide backup power only for a
short period of time where the engine needs to start running and stabilize its output.
Basically, larger flywheel or multiple flywheels which operates in parallel can increase

the reserve running time or capacity.

Since the flywheel is the mechanical power source, it does not necessarily use an electric
motor or generator as an intermediate between it and a diesel engine. To start up a diesel
engine, the rotational inertia of the flywheel can be used to directly spin the flywheel by
using a transmission gearbox. Then, once the flywheel is running, the diesel engine can
be used to directly spin the flywheel. In case of using multiple flywheels, they can be

connected in parallel through mechanical countershafts.

Generally, a DRUPS is designed to provide a very high current output compared to a
purely electronic UPS. It is also better in providing inrush current for inductive loads
such as motor startup or compressor loads. Besides that, it is able to tolerate short-circuit
conditions up to 17 times larger than an electric UPS, where it permits one device to fail
while letting other devices to still operate by the power supply from the DRUPS. The
life cycle of a DRUPS is longer than that of a purely electronic UPS by 30 years or
more. However, they require a periodic downtime for mechanical maintenance such as
ball bearing replacement. To increase standby efficiency and reduce the maintenance
requirements, magnetic bearings and air-evacuated enclosures are used in the newer

rotary units.

Basically, the high-mass flywheel is used together with a motor-generator system and

can be configured as follows:
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1. A motor driving a generator which is connected mechanically;

2. A combined synchronous motor and generator wound in the alternating slots of a
single stator and rotor;

3. A hybrid rotary UPS which is designed similar to an online UPS, except that it
uses the flywheel instead of batteries. The rectifier drives a motor to rotate the

flywheel while a generator uses the flywheel to power up the inverter.

@

& »
@ @ . ®:‘_. ! 1 : Diesel Engine
\ N e
ﬁ" 2 : Electromagnetic clutch

3 : Synchronous motor/alternator

4 : Flywheel

Figure 2.13: Basic Principle Diagram (Hitzinger, 2001)

Figure 2.14 shows the basic schematic diagram of a diesel rotary UPS. Some DRUPS
systems consists of an AC Motor Generator (M-G) set with a flywheel, as well as
storage batteries, inverter, rectifier, static switch and solid state circuitry. The M-G set
and the rectifier/storage batteries/inverter combination represent parallel supply paths,
and either path is capable of supplying the load. During normal operation, the M-G set
powers the computer loads while the off-line static section, which is on stand-by mode

charges the system batteries.

During the event of power loss in the utility feed, the control circuitry will disconnect
the M-G set from the utility by opening the static switch and closing the inverter-output
circuit breakers, which then allows the system batteries to power the M-G set through
the inverter. The mechanical energy which is stored in the flywheel allows the M-G set

to continue to deliver its full-rated output for a minimum of 200 milliseconds. This gives
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the control system time to detect a loss of power supply and transfer the loads” supply to

the battery/inverter combination.

Mains supply @
@ 6} (\,9 (;) (1_2\ o consumer voltage
P ~ »

: ¥s
e e (¢ Ol
!'6 vol::ge dI:op — 52| CORERION (1:9
S < % Cuslomcr‘circ‘:uit breaker
I Diesel Engine }2_1’ Edag:ib::sis::uc:nt breaker
4

3 Electromagnetic clutch
6 Synchronous machine 13 Consumer output
4 Flywheel
7 Choke
v @ @

8 Mains circuit breaker

Figure 2.14: Basic Schematic Diagram of a Diesel Rotary UPS (Hitzinger, 2001)
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CHAPTER 3

METHODOLOGY

Project Work Flow Chart

Research work on Flywheel Energy Storage System

v

Generation of design ideas

v

Flywheel design calculations

v

Shaft design calculations

Calculations meet
the requirements?

Detail design of Flywheel Energy Storage System [y

Using Autodesk
Inventor
Professional
Software

v

Static and dynamic analyses of Flywheel Energy

4

Storage System

Using ANSYS
11.0 Software

v

Compare calculations with software’s analyses

v

Final design specifications

v

Project ends and submission of dissertation

Figure 3.1: Project Work Flow Chart
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3.2  Project Work Description
Based on the project work flow chart, it can be divided into three main phases:

1. Understanding the project;
2. Design of FESS;
3. Analysis of FESS.

In understanding the project phase, research works are done to familiarize on what FESS
is all about, which comprises of its principle of operation, the basic equations and terms

related, the related literature reviews, the materials used, and its recent applications.

Moving on to the design of FESS phase, there are two main stages involved which are
planning and executing. In the planning stage, research work on the current design of
flywheel is done to obtain a clearer view on how to proceed with the generation of
design ideas. Next, the executing stage includes creating conceptual design of flywheel
and its components, flywheel design calculations and shaft design calculations. If the
calculations meet the standard requirement, further analysis can proceed, such as the
detail design of FESS and shaft loading analysis using the Autodesk Inventor
Professional Software.

Lastly, in the analysis of FESS phase, static analysis, dynamic analysis, and simulations
are executed using ANSYS 11.0 Software. The results are compared with the previous
calculations and further data interpretation and discussions follow. Finally, the final

design specifications are decided.

3.3  Flywheel Design Procedure

Select material based on the preliminary calculations of torque produced.
Determine the mass moment of inertia of flywheel.

Calculate the burst speed of flywheel.

Calculate the energy stored in the flywheel.

Define flywheel geometry: solid disc or flywheel with spokes.

AN I

Determine the stresses associated with the flywheel.
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3.4  Shaft Design Procedure

1. Determine the torque on the shaft for a given input power.

2. Draw a free body diagram and model the various machine elements mounted on the
shaft, in terms of forces and torques.

3. Calculate the shaft loadings which act on desired locations, such as on the driver,
flywheel disc and the cylindrical roller bearings on both shaft’s ends.

4. Develop the shear and moment diagrams of the shaft. Identify the bending moment
which causes normal stress and torque which causes shear stress.

5. Compare the calculated values with the values generated by the software.

3.5  Detailed Design in Autodesk Inventor Professional Software

1. Create new parts in the standard (mm) .ipt template, in the 2D sketch blocks. The
parts are: flywheel disc, driver, and magnet.

2. Insert dimensions during sketching to control the size intended.

3. Extrude those parts to convert it into 3D image components.

4. Open up the Assembly Files in the standard (mm) .iam template to place all the
components sketched together as a single functional unit. Flywheel disc and magnets
are assembled together, as well as driver and magnets; before they are assembled
further with the other components.

5. Choose cylindrical roller bearings (SKF Series CRM — SKF CRM 11A) at the
Content Center Parts to be attached at both ends of the shaft.

6. Select shaft with appropriate length and diameter.

7. Create a drawing of the assembly by using Drawing Files.

3.6  Shaft Loading Analysis in Autodesk Inventor Professional Software

1. Open up the Shaft Component Generator after the assembly of all parts of FESS.
2. Apply appropriate reaction forces, radial forces, moment, torque, and supports on
desired locations.

3. Click ‘calculate’ and graphs’ selections appears.
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3.7  Static and Dynamic Analyses in ANSYS 11.0 Software

1. Import assembly drawing from Autodesk Inventor Professional Software into
ANSYS 11.0 Software.
2. Assign materials of each parts of the assembly which are;

e Flywheel : Stainless Steel
¢ Magnets : Cast Iron

o Shaft : Stainless Steel
e Driver : Stainless Steel

Generate mesh on the assembly.

Select static structural option in new analysis,

Apply fixed support on both shaft’s ends and bearings.

Apply frictionless support along the shaft.

Apply force on the flywheel disc, F = 3450 N; and on the driver, F = 4929 N.

Apply pressure along the flywheel disc, P = 36606 Pa and on the driver, P = 52298
Pa.

® NS AW

9. Apply moment of 81.06 N.m on shafts in clockwise direction.
10. Apply rotational velocity of 459.96 rad/s on shaft in clockwise direction.
11. Select flexible dynamic analysis option for dynamic analysis and repeat step 5 to 10.

12. Solve all results for deformation, strain, and stress solutions.

Note: For items No. 7 until 10, the values are obtained from the calculations

provided in the later chapter, prior to the static and dynamic analyses.
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CHAPTER 4

RESULTS AND DISCUSSION

41  Schematic Diagram

Based on Figure 4.1, the magnets are attached to the flywheel itself, thus act as
generator to store energy as well as to supply energy to the driver. There are three
possible materials that can be used as flywheel, which are cast iron, stainless steel, and

aluminium. The material selection is discussed further in the later subtopic.

Shaft  Driver Magnets Flywheel Bearing

N

|

" 0.15m 0.15m

.
Ll

A
Y
A
h 4

6.10m

Figure 4.1: Schematic Diagram of FESS Structure

4.2  Flywheel Design Calculation

4.2.1 Preliminary Calculation for Material Selection
I'=lpyaa= (L‘Iywheel + Ishaﬂ) @
Lppwheet = % prt (1§ — 1) °

L = % pr L1
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Table 4.1 shows the calculation of torque of the possible materials of flywheel. The full
calculation of Ipwheet Ingn and torque, T can be referred to Appendix 2. From this
preliminary calculation for material selection, the torque produced when using stainless
steel flywheel 1s larger compared to the torque produced by cast iron flywheel and

aluminium flywheel.

Tstainles ssteel = Tcast iron = Taluminiurn.

This is because aluminium has the lowest density, compared to the cast iron and
stainless steel. Therefore, it produces the smallest magnitude of torque when all the
other parameters are constant. Stainless steel is chosen to be the material for flywheel, as
it produces the highest torque for this preliminary calculation for material selection.
Furthermore, stainless steel has the lowest value of bulk conductivity compared to the
other two materials. As a generator which is attached to the magnets, it will produce
electromagnetic fields during the rotation of the flywheel and the shaft. Low value of
bulk conductivity will increase the strength of the electromagnetic field.

Table 4.1 Calculation of torque of the possible materials of flywheel

Flywheel Material Cast Iron Stainless Steel Aluminium
‘Bulk conductivity | 1500000 siemens/m | 1100000 siemens/m | 38000000 siemens/m
Density,p | 7300 kg/n® 8000 kg/m’ 2700 kg/m®

Tnpihea 0.5333kgm” | 0.5845kgm’ 0.1973 kg.m”

Torar 1790 x 107 kg | 1.963 x 10° kgm® | 6.627 x 107 ke’
“Torque, T 04013N.m | 0.4398N.m | 0.1485N.m

4.2.2 Mass Moment of Inertia

Ln=Yam@¢+ 13
Mass of flywheel, m = volume x density
The outer radius, 7, = 0.10 m; the inner radius, #; = 0.025 m

The thickness of flywheel, ¢ = 0.03 m
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Density of stainless steel alloy 316, p = 8000 kg/m’

m = (@’ W) outer = (0 B)inmer ] % p

m = [(m x 0.03 m)][(0.10 m)* — (0.025 m)*| x 8000 kg/m’
m=T707kg

I, ="% (7.07 kg) [(0.10 m)* + (0.025 m)*]
L= 0.0376 kg.m*

4.2.3 Burst Speed

V=+10 x §
S = Tensile stress of flywheel’s material = 89900 psi

= /10 x 89900 psi

ft _ 03048m

=948.16 p X Tre

=289 m/s
Since V = Circumference of flywheel x ®, maximum angular velocity can be
determined.
V=2Dxa

o =289 m/s + (m x 0.20 m) = 459.96 rad/s or 4392 rpm

4.2.4 Amount of Energy Required

Ey=Y%1(o%

o = 4392 rpm or 459.96 rad/s

Therefore, E; = % (0.0376 kg.m”)(459.96 rad/s)*
E;=3977.39 Jor 3.98 kJ

Energy density = E/m
Energy density =3987.97J + 731 kg
=562.57 kg
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4.2.5 Flywheel Geometry

The flywheel geometry as shown in Figure 4.2 is a solid cylindrical disc, with hollow
circular cross section to insert the rotating shaft. The outer diameter is 0.20 m, the inner

diameter is 0.05 m, and the thickness of the flywheel is 0.03 m.

Figure 4.2: Flywheel Geometry

4.2.6 Stresses in Flywheel

As a rotating disc, flywheel expertences centrifugal stresses which act upon its
distributed mass. It tends to pull it apart while rotating. The following are the
calculations of tensile stress, maximum principal stress, maximum tangential stress, and

maximum radial stress of the flywheel.

1. Tensile Stress

Tensile stress is a type of stress in which the two sections of material on either side of a

stress plane tend to pull apart from each other.

o =p X rZ X a)z

r, mean radius = (0.10 m + 0.025 m) = 2 = 0.0625 m
o, = 8000 kg/m® x (0.0625 m)” x (459.96 rad/s)®

0, = 6611350 Pa

¢ = 6.61 MPa
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2. Maximum Principal Stress

The maximum principal stress is the maximum value of normal stress which acts upon a

point on the flywheel disc, at right angles to the principal plane of stress.

Onax =[(3+V).p. V] +8
V2 =70’ = (0.10 m)* x (459.96 rad/sy*
=2115.63 m?/s*
v=0.3
Gmax = [(3 +0.3) . 8000 kg/m® . 2115.63 m*/s*] + 8
Omax = 6981579 Pa
Omax = 6.98 MPa

Since the value of calculated tensile stress is less than the maximum principal stress, the

design of flywheel with the mentioned dimension and geometry is safe to be used.

3. Maximum Tangential Stress

As a rotating body, flywheel generates stress along the tangent of its structure, which
tends to pull it apart. It acts perpendicular to the tangent and changes the direction of the

motion, without changing the velocity.

yw?

g [B+wr'+ (-]

g=9.81 m/s*
¥ = 8000 kg/m’ x 9.81 N/kg = 78480 N/m’

Ot max —

# = 0.3 (Poisson’s ratio)

(78480 N/m>)(459.96 rad /s)?
G‘ =
max 4 %X 9.81 m/s2

O max = 423126403.2 N/m" (0.03344 m?)
Ot max = 14149346 .92 Pa
Ot max = 14.1 MPa

[(3 +0.3) (0.10 m)? + (1 — 0.3)(0.025 m)?]
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4. Maximum Radial Stress

Radial stress which occurs on rotating discs acts towards or away from the flywheel’s

central axis.
3+v 2 2 2
Or max = —g~ X PO (1o —1i)

v=1{.3 (Poisson’s ratio)
3+0.3
8

O max = 0.4125 x 66642408.5
Or max = 2 7489993.51 Pa
Gr max = 27.5 MPa

x {(8000 kg/m®) x (459.96 rad/s%)*] % [(0.20 m)” — (0.025 m)*]

O max =

Table 4.2 summarizes the stresses in flywheel as calculated previously.

Table 4.2: Summary of stresses in flywheel

Stresses in Flywheel Values
Tensil¢ Stress, oy _' 6.61 MPa
Maximum Principal Stress, 6q 6.98 MPa
Maximum Tangernitial Stress, 6;max 14.1 MPa
Maximum Radial Stress, 0y max 27.5 MPa
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43  Shaft Design Calculation
4.3.1 Torsion Moment
For a shaft that delivers 50 hp power for rotation, the torsion moment can be calculated:

w
M=~
w

50hp x 7457 W =37285 W

37285 W

=———=81.06 Nm
459.96 rad/s

{

4.3.2 Free Body Diagram

Figure 4.3 shows the free body diagram of FESS’s structure with the following shaft
dimensions:

a=015m;b=0.15m; ¢c=0.10m

Figure 4.3: Free Body Diagram of FESS
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4.3.3 Shaft Loading

Torsion moment, M; = 81.06 N.m
Pressure angle, a = 20°

Radius bf shaft, »; =0.0175 m |
Radius of shaft, r»=0.025m

1. Circumferential and radial forces
Fiu=M;~r
=81.06 Nm+0.0175 m=4632 N
Fiy=Fi;xtana=1686 N
F1=,/(4632 N)? + (1686 N)2
=4929 N

Fy =M+ 12
=81.06 Nm+~0.025m=3242 N
Foy=Fyy x tana.= 1180 N

F>=,/(3242 N)? + (1180 N)2
=3450 N

2. Reactions at point A (Bearing)
A=[Fiy,x(b+co)+ Fauxcl+l
= [(4053 N x 0.30 m) + (3242 N x 0.10 m)] = 0.40 m
=3850 N

Ay=[Fiy x(b+c)+ Fy x{(c)] +1

= [(1475 N x 0.30 m) + (1180 N x 0.10 m)] + 0.40 m
=1401 N
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3. Reactions at point D (Bearing)
D.=[Fixxa+Fyx(@+b)]+I
=[(4053 N x 0.15 m) + (3242 N x 0.30 m)] + 0.40 m
=3945N

Dy=[Fyxa+Fyx(at+b)]=+I
=[(1475 N x0.15 m) + (1180 N x 0.30 m)] ~ 0.40 m
= 1438 N

4. Bending moments at section B (Driver)
Mp,=A4,>*a=3850N x0.15m=577.50 N.m
Mg, =4, *xa=1401 N x (.15 m =210.15 N.m

Mp= fng + MZ, =/(577.50 N.m)? + (210.15 N.m)?

=614.55 N.m

5. Bending moments at section C (Flywheel Disc)
Mo, =D, x¢c=3945N x0.10 m=39%4.5 N.m
Mey =Dy xc=1438 N x (.10 m = 143.8 N.m

Mc= (MZ, + MZ, =./(394.5 N.m)? + (143.8 N.m)?

=419.89 N.m

6. Bending Stress

i) On the driver

Mpc

e

_mX d*  m(0.035m)*

Ch =

I =7.366 x 10*m*
64
(614.55 N.m)(0.0175 m)
Oh =
7.366 x 1078 m*
ob = 146 MPa
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ii)  Onthe flywheel disc

M.c
I

Obh =

~mxd*  m(0.05m)*

I =3.068 x 107 m*
64
(614.55 N.m)(0.025 m)
Oh — -
3.068 x 1077 m*
6b=50.01 MPa

7. Torsional Shear Stress
i) On the driver

8, =15
]
d4
J = Polar moment of inertia = TX
4
=EXQ05 M) 47 % 107 m?

32
¢ = radius of the shaft

_ 81.06 Nm x 0.0175m
1.47 X 10~ 7m*

= 9650000 Pa = 9.65 MPa

5

i) On the flywheel disc

Tc
S = '-]-
. x d*
J = Polar moment of inertia = z
% (0.05 m)*
- % =6.14 x 107 m*

¢ = radius of the shaft

__ 8106 N.m X 0.025m
6.14 X 10~ "m?

= 3300489 Pa = 3.30 MPa

3
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8. Shear Stress

i)

On the driver
16T
T H
_ 16(81.06 N.m)

(0.035 m)3

7=9628809.10 Pa = 9.63 MPa

On the flywheel disc
16T
T DS
16(81.06 N.m)
- m(0.05 m)3

7= 3302681.52 Pa=3.30 MPa

9. Angle of Twist

g=—

Torque applied, T = 81.06 N.m
Length of shaft, .= 0.4 m
Shear modulus of elasticity, G = 193 GPa

1)

On the driver

Polar moment of inertia, J = 1.47 x 107 m*

B (81.06 N.m)(0.4 m)
(193 x 10° Pa)(1.47 X 10~ 7m*)

6 =0.001143 rad = 0.0655"

On the flywheel disc

Polar moment of inertia, J = 6.14 x 107 m*

_ (81.06 N.m)(0.4 m)
(193 x 10° Pa)(6.14 x 10~7m*)

6 = 0.0002736 rad = 0.0157°
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All the values of forces, bending moments, torque, and reaction supports calculated
previously are applied on specific locations along the shaft, as shown in Figure 4.4 and

Figure 4.5 below. The graphs generated are shown in Figure 4.6, 4.7, 4.8, 4.9, and 4.10.

Figure 4.5: Applied loads and supports on shaft in 3D view
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In Figure 4.6, the maximum shear force is 8897.02 N which occurs near the fixed
support at the bearing. The minimum shear force is 3450 N which occurs at the flywheel

disc.

Figure 4.6: Shear Force Diagram

The maximum bending moment as in Figure 4.7 is 802.726 N.m which occurs at the
driver due to the force which is imposed on it. Since the bending moment of the driver is
calculated to be 614.55 N.m, it will not experience bending while operating.

(Nm)

800
700 -
600
500
400
300
200
100
0

Figure 4.7: Bending Moment Diagram
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In Figure 4.8, the maximum bending stress is 190.705 MPa, which occurs on the driver.
The bending stress is due to the rotation of the shaft which transmits power and the force
which is applied on the driver itself. Based on the previous calculation, the bending
stress at the driver is 146 MPa, whereas the bending stress at the flywheel is 50.01 MPa.
Since both calculations do not exceed the maximum bending stress, the design is safe to
be used.

Figure 4.8: Bending Stress Diagram

Referring to Figure 4.9, the highest deflection angle occurs near the fixed support, which
is the cylindrical roller bearing, with a very small value of 0.193627". Along the shaft,
the deflection angle decreases until it reaches the minimum value of 0.00163809", at the
centre of the shaft. Then, the value increases again, but in such a small value. This
clearly shows that the shaft design is safe, as it will not break when it rotates, especially

at its centre.
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Figure 4.9: Deflection Angle Diagram

The maximum deflection, 295.541 micron occurs at the cross section of shaft, where the
diameter changes, at length of 200 mm. Since the value is very small, it can be
neglected. This shows that the shaft structure only experiences a small value of
deflection during its operation.

200
Length [mm]

Figure 4.10: Deflection Diagram

38



4.4 Detailed Design

Figure 4.11 shows the detailed design of flywheel energy storage system structure, while
Table 4.3 shows the design’s parts’ list

Figure 4.11: Detailed Design of Flywheel Energy Storage System Structure

Table 4.3: Design’s parts” list

PARTS’ LIST
Item Quantity Part’s Name
1 1 Flywheel Disc with magnets attached
2 1 Driver with magnets attached
3 1 Shaft
4 2 SKF Series CRM — SKF CRM 11A
(Cylindrical Roller Bearing)
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4.5  Static and Dynamic Analyses

Figure 4.12 shows the geometry and meshing of FESS structure. The number of nodes is
73692 and the number of elements is 22137. Meshing are important in the analysis using
ANSYS 11.0 Software because it allows the parts to be in finite elements and the
distribution of mechanical properties such as the stress, strain, temperature, energy, and

so on can be observed and analysed accurately.

0.000 0.100(m) ‘*T'
[ SS—
0.050 ]

Figure 4.12: Geometry and Meshing of FESS

The maximum total deformation as in Figure 4.13 occurs at the outer parts of flywheel
disc, with the value of 4.3907 x 10™* m. Minimum total deformation, 0 m occurs at both

ends of the cylindrical roller bearings, since they are fixed constraints.

0.000 0.100 (m) b
—
0.050

Figure 4.13: Total Deformation
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The maximum principal stress is 6.95 MPa which occurs at both bearings, the outer part
of driver and also the outer part of flywheel as shown in Figure 4.14. The calculated
maximum principal stress is slightly the same with the simulation, therefore, the results

is validated to be true.

4

0.000 0.100 (m) s
[ e—]
0.050

Figure 4.14: Maximum Principal Stress

In Figure 4.15, the maximum shear stress occurs at the driver with a value of
187.68 MPa, whereas the minimum shear stress, 0.769 MPa occurs at both bearings.
Based on the calculation, the driver produces shear stress of 9.63 MPa, whereas
flywheel disc produce 3.30 MPa. Both calculations do not exceed the maximum shear

stress, thus the design is safe to function.

z

0,000 0.100 {m) 3
—
0.050 j

Figure 4.15: Maximum Shear Stress
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The strain energy is the potential energy stored in the material before it deforms. Based
on Figure 4.16, the maximum strain energy, 4.0099 x 102 J occurs at the shaft, near the
connection with the flywheel disc. The minimum strain energy, 3.4996 x 107" J occurs
at both ends of the cylindrical roller bearings. As one of the essential element of the
system, the shaft is safe to be used since it possesses the highest strain energy. This

shows that the shaft can withstand the load imposed on it.

0.000 0.100 (m) :
—
0.050 _

Figure 4.16: Strain Energy

Referring to Figure 4.17, the maximum total acceleration, 8.7088 x 10 m/s* occurs at
the outer radial part of the flywheel. This is due to the tangential force which induced

rotation to the flywheel disc.

4
0.000 0.100 (m)
— )
0.080 _

Figure 4.17: Total Acceleration
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4.6  Final Design Specifications

Figure 4.18 shows the final design in 3D view, whereas Figure 4.19 shows the base view

and projected views of the final design.

4.6.1 Final Design Geometry

L SKF CRM 11A cylindrical
roller bearing

Flywheel disc with
attached magnets

—» Shaft

L= Driver with attached
magnets

Ll

= Projected View 1

Projected View 2

Figure 4.19: Base view and projected views of final design
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4.6.2 Flywheel Disc

Table 4.4 is the summary of the flywheel disc specifications based on previous

calculations.

Table 4.4: Flywheel Disc Specifications

Mass, m 7.07 kg

Thickness, ¢ 0.03 m

Outer Diameter, D, 0.20 m

Outer Radius, r, 0.10m

Inner Diameter, D; 0.05m

Inner Radius, r; 0.025m

Density of Stainless Steel, p 8000 kg/m’

Bulk Conductivity 1100000 siemens/m
Mass Moment of Inertia, /,, 0.0376 kg.m"

Burst Speed, § 289 m/s

Angular Velocity (Maximum), © 459.96 rad/s or 4392 rpm
Energy Required, E; 3977.97 Jor 3.98 kJ
Energy Density 562.57 J/kg

Tensile Stress, o; 6.61 MPa
Maximum Principal Stress, 6. 6.98 MPa
Maximum Tangential Stress, 6/ m 14.1 MPa
Maximum Radial Stress, 6; max 27.5 MPa
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4.6.3 Shaft

Table 4.5 shows the summary of the shaft forces and reaction supports, while Table 4.6
is the shaft loadings on driver and flywheel disc. Tables 4.4, 4.5, and 4.6 are based on
the previous calculations and analyses by the softwares.

Table 4.5: Shaft Forces and Reaction Supports

Power, P 50 hp or 37285 W
Torsional Moment, M; | 81.06 N.m
Length, L 0.4 m

F; 4929 N

F; 3450 N

Ax 3850N

Ay 1401 N

D, 3945 N

D, 1438 N

Table 4.6: Shaft Loadings on Driver and Flywheel Disc

Properties Driver Flywheel Disc
Bending Moment, M 614.55 N.m 419.89 N.m
Bending Stress, o, 146 MPa 50.01 MPa
Torsional Shear Stress, S; | 9.65 MPa 3.30 MPa
Shear Stress, t 9.63 MPa 3.30 MPa
Angle of Twist, 0 0.0655° 0.0157°

The most suitable material to design a flywheel disc is stainless steel, which has high
density and low bulk conductivity. High density material gives a high value of mass
moment of inertia, thus provides large torque. On the other hand, since the value of
stainless steel’s bulk conductivity is low, it can increase the strength of the

electromagnetic field, since rotations are induced by the electromagnetic flux generated

by the interaction between the magnets and coils that surround it.
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The burst speed or the critical speed of the flywheel is 289 m/s, whereas the maximum
angular velocity is 459.96 rad/s or 4392 rpm. Since the value of the angular velocity is
quite high, the kinetic energy that is stored also has a high value, which is 3.98 kJ. The
energy density is aiso high, which is 562.57 J/kg. The higher the value of energy

density, more energy can be stored in the flywheel itself.

The calculated maximum principal stress is 6.98 MPa, whereas the maximum principal
stress value generated from simulation by ANSYS 11.0 Software is 6.95 MPa. There is
not much different between the values, therefore, the calculation and the simulation is
validated to be true. Since the tensile stress is 6.61 MPa and it does not exceed the

maximum principal stress, the design 1s safe to be operated.

With respect to the shaft design, based on the power required, which is 50 hp or
37285 W, the torsion moment produced is 81.06 N.m. The forces which act on the driver
and the flywheel disc, and the reaction forces on both bearings can be calculated. From
these values, bending moment, bending stress, torsional shear stress, shear stress, and
angle of twist can be determined. The calculated results are compared with the analysis

and diagrams generated by Autodesk Inventor Professional Software.

It is observed that the values which are calculated do not exceed the maximum value
based on the analyses by the software. This shows that, the design is safe and can
function in the future. Furthermore, the value of deflection and the deflection angle on
the shaft is very small and can be neglected. This reflects that the shaft can withstand the

loads imposed on it and will not break during rotation.

Further static and dynamic analyses are conducted to verify this using the ANSYS 11.0
Software, where during the simulation, the total deformation is as small as
43907 x 10™ m and the shaft does not break while rotating. The maximum shear stress
as generated by the software also has a higher value than that of the calculated one, thus
shows that the design is safe to function. The strain energy or the potential energy stored
in the material before it deforms also shows the highest value at the shaft, near the joint
with flywheel disc. Therefore, the shaft is strong enough to withstand the loads imposed

on it.
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CHAPTER 5

CONCLUSIONS AND RECOMMENDATIONS

As a conclusion for this final year project, this dissertation includes the design
and analysis of flywheel energy storage system’s structure as possible alternative energy
in the future which can reduce the green house gas emissions besides giving a perpetual
motion to the system. The design approaches include calculations of loads imposed on
the shaft and fltywheel based on free body diagram and comparison with the result and
analyses which are generated by Autodesk Inventor Professional Software and ANSYS
11.0 Software. The final design specifications show that stainless steel is the most
suitable material for flywheel disc as it produces the highest torque and can increase the
strength of electromagnetic field induced due to its low bulk conductivity. The kinetic
energy that is stored has a high value, which is 3.98 kJ, thus produces high energy
density of 562.57 J/kg which can store more energy, as well as sustaining the motion of
the flywheel energy storage system. Since the comparisons of results between the
calculations and the software mentioned do not exceed the maximum values, the design
is verified and is safe to be operated in the future. Regarding the future work for
continuation, it is highly recommended to include further analysis of the electromagnetic
flux induced by the system so that the amount of voltage produced can be determined,
besides calculations of wiring in the driver or the motor system, the winding of the wire,
and to come out with several configurations of flywheel energy storage system which

can give the highest efficiency.
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APPENDICES

Appendix 1
Energy stored in flywhecl:
m = mass of the flywheel in kg,
k = radius of gyration of the flywheel in metres,
] = mass moment if inertia of the flywheel about the axis of rotation in kg.m’
=mk,
N; and ¥, = Maximum and minimum speeds during the cycle in r.p.m.,

w; and @; = Maximum and minimum angular speeds during cycle, in rad/s,

pA

N =Mean speed during the cycle inr.p.m. =

CIJ1+ Wy

@ = Mean angular speed during the cycle in rad/s =

Ni— Ny Wi~ Wy
or

Cys = Coefficient of fluctuation of speed =

Since the kinetic energy if the flywheel is:
E=Y%xI o’ =% X mk. o (in N.m or Joules)

As the speed of the flywheel changes from w; and w;, the maximum fluctuation of
energy,
AE = Maximum K.E. — Minimum K.E. = % l(@;) - ¥ Kw2)*

=Y X I [(@1)* — (w02)°] = % X I (0 + 02) (7 - ©2)
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=L@ -2) coeeneiiininiannnns (i)

_ Zwl—-wz]
s

The radius of gyration, £ may be taken equal to the mean radius of the rim (R), because
the thickness of rim is very small as compared to the diameter of the rim. Therefore, by

substituting & = R, in equation (ii), we would have

AE = m R0’ Cs = mv’.Cs
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Appendix 2

The preliminary calculation for material selection is based on equation (4), (5), and (6)

where = 0.03 m, 7o = 0.20 m, r; = 0.025 m, assume that a = 0.75 rad/s’.

For cast iron flywheel,

Dnwheat = ¥4 (7300 kg/m®) 7 (0.03 m) [(0.20 m)* — (0.025 m)?] 2
=0.5333 kg.m”

T = "4 (7300 kg/m*) 7 (0.4 m) (0.025 m)* =1.792 x 107 kg.m?

T'=lLowa =(0.5333 +0.001792) 0.75 = 0.4013 N.m

For stainless steel flywheel,
Dnywheer = 2 (8000 kg/m®)  (0.03 m) [(0.20 m)* — (0.025 m)*] 2

= 0.5845 kg.m”

[\~

L = Y2 (8000 kg/m®) 7 (0.4 m) (0.025 m)* =1.963 x 10> kg.m

T = Lot & = (0.5845 + 0.001963) 0.75 = 0.4398 N.m

For aluminium flywheel,

Dipwheer = %2 (2700 kg/m®) 7 (0.03 m) [(0.20 m)” — (0.025 m)?] 2
=0.1973 kg.m”

Linas = ¥4 (2700 kg/m™) 7 (0.4 m) (0.025 m)* = 6.627 x 10”* kg.m’

T = Lipr & = (0.1973 + 0.0006627) 0.75 = 0.1485 N.m

52



£s

yea1q I2)SaWS PIA] .

(punog prep) uoneuassiq
103[014 Jo uoISSTIINS

uonejuasald el

1aded [estuyoa ] Jo uolssruqng

(punoq yos)
UOBLIISSI(] JO UOISSTWIQNS

woday Jyei( JO uoIssfuqns

Xdd-a1d

<t (vn| WO |~|oo| O

uoneuIs
pue u31sap dJepIeA ['¢

sanunuo)) YoM 193f01g

woday ssaidoig jo uoissruqng

aremyos
SASNY PUE IOJUAU]J ySapoiny
M siskeuy pue udisa( 1'|

sanunuo)) Yo 103folg

M/

ON

€ xipuaddy

JBYD pues




