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Definition: Energy storage flywheel systems are mechanical devices that typically utilize an electrical
machine (motor/generator unit) to convert electrical energy in mechanical energy and vice versa.
Energy is stored in a fast-rotating mass known as the flywheel rotor. The rotor is subject to high
centripetal forces requiring careful design, analysis, and fabrication to ensure the safe operation of
the storage device.
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1. Introduction

Between 2019 and 2020, the generation of solar energy grew by 26.0 TWh (24.1%)
and 37.1 TWh (16.6%) for the two largest global consumers of energy, the Unites States
of America and the People’s Republic of China, respectively. Over the same timeframe,
the growth in energy generation from wind for these two countries was correspondingly
42.0 TWh (14.1%) and 61.2 TWh (15.1%) [1]. For perspective, the total electricity generation
of Canada was 643.9 TWh in 2020. Renewable energy generation capacity is expected to
continue to increase rapidly as energy demands and pressure to reduce environmental
impacts grow [2]. Additionally, the cost of renewable energy production has been falling
dramatically over the last half decade [3], which further increases demand. However, as
renewable energy production increases the intermittency from these sources necessitates
significant energy storage capacity to meet demand at any particular moment [4].

Compounding the intermittency issue is the separation between peak power demands
from residences and businesses and peak power production from renewable sources [5].
What is now recognized as the “Duck Curve” shows the difference between hourly demand
and renewable energy production [6]. Energy consumption has been shown to peak in the
mornings and evening while energy production typically peaks around midday, especially
for solar photovoltaic systems.

Energy storage is among the largest obstacles facing modern energy grids as they
transition to new renewable sources of energy while attempting to maintain both power
supply and power quality. As the demand for renewable energy sources increases and
the costs of that energy decrease, the economic and environmental benefits of maintaining
large-scale energy storage systems increase [7]. The plethora of energy storage options [8]
includes flywheel energy storage systems (FESS). FESS are among the oldest forms of
energy storage, having been used to regulate power output in stone drills as early as
1000 BCE [9]. While the principal concept of flywheel energy storage, i.e., a large mass
spinning on an axis, has changed little in the intervening millennia, the materials, control
systems, and applications have continually evolved.

Modern high-speed flywheel energy storage systems have a wide range of applications
in renewable energy storage, uninterrupted power supplies, transportation, electric vehicle
charging, energy grid regulation, and peak shaving. They are recognized for a number of
advantageous characteristics, including high charge/discharge rates, expected lifetimes
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of greater than 20 years, and specific energies in excess of 100 Wh/kg [5]. They are also
unaffected by cyclic degradation or depth of discharge effects common to traditional
electrochemical batteries, and their cycle efficiency can be up to 95% [10,11]. As can be
inferred from the above applications, the advantage of FESS over more common energy
storage technologies, such as electrochemical batteries and pumped hydro storage, is
that FESS facilitate applications requiring high power and high specific energy [12,13].
FESS have faster response times than both electrochemical batteries or pumped hydro.
Compared to batteries, FESS do not require the same level of delicate control over power
and temperature, and, due to their high cycle lifetime and deep depth of discharge, FESS
require less installed capacity than batteries while still meeting demand [7].

This is not to say FESS are an ideal solution to address all energy storage challenges.
FESS experience high passive discharge losses [10], comparatively high initial investment
costs [14], and ongoing efforts to understand long-term behavior of rotor materials and
failure [15,16]. In an effort to understand and improve flywheel rotor performance and safe
operating limits, analytical models have been developed that consider material selection,
rotor construction, and operating conditions.

This entry focuses on the design and analysis of the flywheel rotor itself. It will
begin by highlighting some FESS applications and performance, followed by the design
and manufacturing approach commonly used for flywheel rotors. Analytical modeling
approaches for typical flywheel rotors will be discussed, including the effects of variable
angular velocity, viscoelastic stress relaxation, and acceleration. Finally, rotor failure criteria
will be discussed.

2. Applications and Performance

FESS have a wide range of applications for uninterruptible power supplies, energy
grid regulation for frequency and power quality, and electric vehicle and rail transportation.
A general range of FESS performance characteristics is given in Table 1.

Table 1. General range of FESS performance characteristics.

Parameter Value
Lifetime [years] >20 [5]
Charge/discharge cycles <107 [5]
Energy density [Wh/kg] <130 [17]
Price [(USD)/kWh] 400-6960 [5,17]
Power density [W/kg] ~1000 [5]

Implementations of FESS are plentiful, so only a few examples are given here. An early
application of FESS was the Gyrobus, which began operation in Switzerland and Belgium in
1952 with the goal of servicing low traffic public transport routes where installing overhead
electrical catenary wire was deemed too costly [18]. In the late 1990s, Rosen Motors
designed a hybrid power train for a vehicle with a gas turbine engine and a high-speed
FESS supplementing acceleration in short bursts [19]. Later, Volvo developed a recumbent
braking system for their S60 sedan, which recovered and stored energy during braking and
subsequent use powering the vehicle [20]. Most recently, Porsche integrated a flywheel
into their 911 GT3R race car to extend its range and achieve performance enhancements for
long-distance racing [21]. FESS can also be installed on light rail transit systems, either in
the cars or along the rail line, as a recumbent braking system to reduce operating costs [22].
Trials for these systems have been conducted in London, New York, Lyon, and Tokyo,
among others [23]. Furthermore, utility-scale FESS installations have been implemented
as temporary backup power for energy grids in Minto, Ontario [24], Stephentown, New
York [25], and De La Salle, Philippines [26].
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3. Manufacture

The primary components of FESS are the electrical machine (motor/generator unit),
housing, flywheel rotor, and bearing assembly. As an illustration, Figure 1 depicts a cu-
away schematic of a scaled-down FESS that was designed for short-term energy storage
from regenerative braking in light-rail transit applications. The shown unit features a rotor
with a full-size 400 mm outer diameter but axial height scaled to 24% of the full-scale design
with 1.0 kWh nominal capacity.

Electrical machine

Motor mount

netic coupling

Radial bearing

Aramid fiber
composite rim

Magnetic thrust

Flywheel hub

bearing

Figure 1. Cutaway schematic of a flywheel energy storage system for experimental research. Inset
shows the actual device [16].

In FESS, the electrical machine is responsible for controlling the energy flow into and
out of the system. Notably, the electrical machine can be selected independently from
the desired energy capacity to meet the demands of a specific application. The housing,
bearings, and rotor work in unison; however, while they have clear interactions with each
other, changes to one do not necessarily impact the others. For example, any bearing
assembly capable of supporting the rotor is acceptable, and different assemblies can be
substituted provided they adequately support the rotor. In this way, FESS are highly
modular, allowing the system to be finely tuned for optimized performance in a given
application. Being the focus of the present entry, the construction of flywheel rotors can
be broken down into the two main rotor components—the hub and the rotor rims—and
their assembly.

3.1. Hub Construction

The hub of a flywheel rotor is responsible for supporting the rims and transferring
torque from the electrical machine to the rest of the rotor. Rotor hubs are commonly
constructed from either high-strength steel, aluminum, or fiber-reinforced polymer (FRP)
composites. A metallic hub can be forged or machined into a variety of complex shapes.
These shapes have been characterized in detail in a number of different works [13,27].
The advantages of various metallic hub geometries are discussed in greater detail below.
Limited studies have been conducted on composite hubs that have been shown to be more
compliant than metallic hubs, thus providing advantages supporting the rotor rims [28].
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3.2. Rim Construction

Flywheel rotor rims can also be constructed from metals or FRP composites. Metallic
flywheels are a well understood and comparatively low-cost option that can be forged or
machined into rather complicated shapes to maximize performance. Additionally, the hub
can be integrated with the rim into a single component, simplifying the manufacturing
process. Kale et al. [29] developed an optimization method to maximize kinetic energy of a
metal flywheels by varying the cross-section, speed, and size of the flywheel.

FRP rims are fabricated by either filament winding, as shown in Figure 2, or weav-
ing [30,31]. Rectilinear fabric layup techniques have also been studied for constructing
rotating disks [32]; however, fabric-based methods are uncommon, as they have not proven
to be advantageous compared other techniques such as filament winding. Filament wind-
ing is a highly efficient method for fabricating FRP rotor rims due to the accurate control
over fiber placement and orientation, axisymmetry of the finished product, and high fiber
volume fraction [33] regardless of fiber material—carbon, glass, aramid, etc. Rim geome-
tries are usually a simple thick-walled cylinder with rectangular cross section. The process
involves passing long filaments through a resin bath to impregnate the dry fibers with a
prepolymer. The fibers are then wound onto a mandrel by passing through the deposition
head of the filament winding machine, which allows for precise control of fiber positioning
and orientation, i.e., winding angle, of the fibers [34]. Filament winding is an additive
manufacturing technique which is often automated to produce parts rapidly and efficiently
while minimizing cost. After winding and curing, FRP rotors often require machining
to their final dimensions, particularly on the outer surface where excess resin tends to
accumulate during the winding process.

Figure 2. Composite flywheel rotor rim at the end of filament winding manufacturing process;
(a) fiber payout eye and deposition head on winding machine carriage arm, (b) winding mandrel,
and (c) completed aramid fiber/epoxy composite rim.

The majority of FRP composite rims are constructed with winding angles approaching
90 degrees, typically larger than 88 degrees, relative to the axis of rotation, as this max-
imizes circumferential strength in the rotor. However, investigations into the effects of
variable winding angles have shown to improve rotor performance. Wild et al. [35] showed
that periodically increasing the winding angle from the inner to outer radius increased
compliance of the FRP at inner radii relative to outer radii allowing the inner portion of
the rim to move disproportionately outward, preventing the buildup of large tensile radial
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stress, which is the driver for a primary failure mode. Recognizing the significance of radial
tensile stress, Uddin et al. [36] conducted finite element analysis on FRP composite rotors
filament-wound with a mosaic pattern. These complicated patterns were created by signifi-
cantly changing the fiber angle between layers during the winding process. Results showed
that radial stress could be significantly reduced, possibly leading to greater rotor energy
storage capacities; however, effects on manufacturing cost have not been determined, and
further research is, therefore, needed.

Wang et al. [30] discussed the possibility of creating woven FRP rims with fibers
perpendicular to each other radially and circumferentially. They successfully created thin
composite disks and conducted finite element analysis on the structures. Their results indi-
cate the radially oriented fibers provide greater support when compared to unidirectional
filament-wound rotors. Similar to the mosaic patter it is not clear if this technique improves
specific energy, nor has the effect on manufacturing cost been clearly assessed.

3.3. Assembly

Assembly of a flywheel rotor is only necessary when it is constructed from multiple
components, typically a hub and one or more FRP composite rims. For metallic flywheels,
assembly is typically not required as they can be manufactured as a single part. For flywheel
rotors constructed from a metallic hub and a single FRP rim, the composite can be wound
directly onto the hub as discussed by Tzeng et al. [37] or joined with a press-fit [18]. An
example of a thermal press-fit is shown in Figure 3.

Figure 3. Thermal press-fit accomplished by cooling the aluminum hub with liquid nitrogen before
pressing into the composite rims.

While there is no consensus on the optimal method for assembling flywheel rotors,
press-fitting is often considered for the construction of flywheel rotors with more than
a single rim. When press-fitting FRP rims onto a hub or other FRP rims, they can be
manufactured with a slight taper to reduce the required pressing force and minimize the
risk of damaging the fibers [38]. When dissimilar materials are adjacent to each other
it is often expedient to create a thermal press-fit by taking advantage of the different
thermal expansion coefficients. This is especially true when assembling an FRP rim and
a metallic hub [38]. The final step in flywheel rotor assembly is typically balancing to
minimize vibrations and oscillations by ensuring mass is evenly distributed around the
axis of rotation.
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4. Analytical Modeling
4.1. Energy Storage and Power Capacity

Flywheel energy storage systems have often been described as “‘mechanical batteries’
where energy is converted from electrical to kinetic and vice versa. The rate of energy
conversion is the power capacity of the system, which is chiefly determined by the electrical
machine connected to the rotor [13,39]. The capacity of the FESS is determined by the
size, shape, materials, and construction of the flywheel rotor [15]. As indicated above,
modern high-speed flywheel rotors are typically constructed from a hub, responsible for
torque transfer and structural support, and one or more rims [39]. Here, for the sake of
explanation, a monolithic rotor geometry is considered to consist only of a hub without
any added rims around its perimeter. Hub and rims can be constructed from either metals,
ceramics, or composites [40,41] to maximize rotor performance. The kinetic energy of a
rotor, as a rotating body, is defined as:

N 1 2
EK = Ehub + 27121 E:.llm = Elrw , (1)
where Ey is the total kinetic energy of the rotor, I; is the total moment of inertia for the
rotor, w is the angular velocity in units rad/s, and N is the number of rims such that
n=1,2,... N. The moment of inertia for the entire rotor is a superposition of the moment
of inertia for the hub and all rims:

N
L = Ihub —+ Zn:l Iﬁm, (2)

where I, and I} is the moment of inertia for the hub and the n-th rim, respectively.
Considering the flywheel hub, defining the moment of inertia for simple geometries is
straightforward, i.e., for rectangular cross sections of a solid or hollow disk, the moment of

inertia can be defined as:
1 1
I = §m<r§ + rlz) = Eprch <r§ — r?), 3)

where p is the density of the hub material, & is the height of the hub (with respect to the axis
of rotation), and r is the radius with the inner and outer dimension defined by subscripts

‘i’ and ‘0’. In analytical modeling, the mass of the hub is calculated using the volume and

density. A common approach for handling complex geometries and functionally graded
materials is to discretize the shape into a series of uniform disks of arbitrary width and
varying height [42], in which case, Equation (3) can be generalized by manipulating r,, 7;, o,
and h. As the hub cross section increases in complexity it is common to define the energy
density (ratio of energy to mass) [13,27,43] of the hub as:

Ehub — kﬂ, )

m p
where k is the shape factor of the hub and ¢ is the stress in the hub. When ¢ is equal to the
ultimate tensile strength in the hub, energy density is maximized and can be used to find the
maximum energy capacity of the flywheel rotor. Shape factors for common hub geometries
are presented in Table 2; additional cross sections k-values are given in [13,43]. It has been
noted [27] that the choice of material for the hub will strongly influence cross sectional
geometries. Hub shape factors above 0.5 induce bidirectional stress states, which nega-
tively impact composite materials, especially unidirectional composites, because transverse
strength is typically significantly lower than strength in the fiber direction. For this reason,
isotropic materials are more appropriate for cross sections with large shape factors. Discon-
tinuous hub geometries, such as the split type hub [44], are either treated as continuous
and analyzed as described above, or determined through numerical methods [45].
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Focusing attention now on rotor rims, calculating the energy capacity is analogous to
Equations (1)—(4). The vast majority of industrial and academic work focusing on flywheel
rotors uses rims with rectangular cross sections [46-49]. While it has been shown that
variable thickness flywheel rotors can produce a more favorable stress state [50], the energy
capacity typically stuffers due to the reduction of mass at the largest radial coordinates
and limited maximum angular velocity to minimize transverse loading. Variable thickness
flywheel rotors with mass concentrated on the outer edges have been presented [45];
however, these have not proven to produce higher energy density or a more favorable stress
state than traditional rotor designs, such as the Laval disk, with rims discussed in [43].

Table 2. Shape factor values (k) for various flywheel rotor cross sections.

Shape Cross Section k-Value
Laval disk —O— 1.00
Laval disk real O’ 0.70-0.90
Conical disk l<>l 0.70-0.85
wis [ oo

Thin ring I I 0.50
Thick im S N T

4.2. Material Characterization

Flywheel rotor material selection depends on a large variety of constraints, including
system requirements, cost, operating conditions, and expected lifetime. Equation (1)
indicates that energy capacity is quadratically related to angular velocity and radius.
Therefore, increasing either one or both values is the most effective method to increase
energy capacity. Moreover, Equation (4) shows that the energy density of a rotating rotor
is proportional to the ratio of its material’s strength and density. This suggest that high
strength, low density materials such as carbon FRP composites are an ideal material for
flywheel rotor construction. However, the stress state is also quadratically related to angular
velocity and radius. Compounding this issue is the typically limited transverse strength of
highly anisotropic materials [27], such as carbon FRP, suggesting that additional design
features are required for achieving full energy capacity potential (e.g., press-fit assembly
of multiple rotor rims). These considerations lead to the conclusion that the most suitable
choice of material and geometry depends heavily on the application requirements and
design constraints such as system geometry and cost.

The most common choices for modern flywheel rotors are either metals, such as
aluminum and steel, or FRP composites [51]. With respect to single and multi-rim flywheel
rotors, it has been shown that the optimal choice depends on the design criteria. When
optimizing for specific energy, i.e., energy per unit mass, then FRP composites are usually
the ideal choice, whereas metal flywheels are often superior when optimizing for energy
per cost [40]. Another consideration is that isotropic materials are also better understood
than advanced composite materials, which increases confidence in modeling and failure
prediction, especially in design cases aiming for long lifetimes and operation near maximum
energy capacity.
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Regardless of material selection, it is necessary to describe the stress strain relationship
for all materials in the rotor. Assuming time-independent linear elastic behavior [52],
Hooke’s law in cylindrical coordinates states:

011 Cii Cip Ciz Ciu G5 Cye e

022 Gy Cpp C3 Cy G5 Cpe €22

03 | _ | G G G Cas G5 Cae €33 5)
012 Cy Cpp Ciz Cy Cg5 Cye Y12 |’

013 Cs1 Cs2 Csz3 Csg Css Cse 713

023 Co1 Ce2 Coz3 Coa Ces Cep 723

where ¢ is stress, C is an elastic modulus of elasticity, ¢ is linear strain, and < the shear
strain. The subscripts 1, 2, and 3 in the stress and strain terms indicate the rotor’s radial,
circumferential, and axial directions, respectively. The stiffness matrix, [C], given above,
assumes a fully anisotropic material and has 36 independent moduli. However, materials
used in flywheel rotor display varying levels of symmetry, so this matrix can be simplified
based on the materials selection. Orthotropic carbon FRP flywheel rotors have been
constructed by stacking woven carbon fiber laminates [30] or developing unique fabric
layup patterns [36], discussed in Section 4.2, in which case the stiffness matrix becomes:

Cip Cp C3 0 0 O
B C13 C23 C33 0 0 0
CI=17%0 0o 0o cu 0 o0 ©)
0 0 0 0 GCs5 O
0 0 0 0 0 Ceg

Further simplifying assumptions can be made for unidirectional FRP composites where
the rotor is made by continuously winding long polymer resin impregnated filaments onto
a mandrel before polymer solidification [28,38]. In this case, the fibers are all oriented
circumferentially with the radial and axial directions both being transverse to the fibers. In
this case, the material is considered transversely isotropic [53]:

Cp =Cs3; Cip = Ciz; Cyy = Css. @)
For fully isotropic materials, such as steel, the stiffness matrix simplifies significantly [54]:
Cin = Cpp=Cs3; Cip=Ciz=Co3; Cyy = Cs5 = Ces ®)

Transversely isotropic and fully isotropic materials are most common in modern
flywheel rotor construction due to their comparatively low cost, high strength, and ease
of manufacturing.

A description of elasticity is sufficient to determine the instantaneous or time-independent
rotor response to loading; however, this approach does not necessarily reflect the realistic
material response to loading. Therefore, it is necessary to develop a description of the
materials that depends on time, t. All engineering materials exhibit some viscoelastic
response, meaning they have characteristics of elastic solids and viscous fluids [55]. How-
ever, at typical FESS operating temperatures, below 50 °C [56], metals display negligible
viscoelastic behavior [57]; therefore, this discussion will focus on FRP composites.
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The time-dependent compliance of a material is defined as the inverse of the stiffness
matrix, such that [S(f)] = [C(#)]!. Then, the time-dependent compliance matrix for an
orthotropic linearly elastic material is as follows:

Su(t) Sua(t) Suia(t) 0 0 0
Sia(t) Sxo(t) Sp(t) 0 0 0
S(£)] = 5136(1?) SZBO(t) 53%(t) 54f(t) 8 8 o
0 0 0 0 Sss(t) 0O
0 0 0 0 0 Ses(t)

At this juncture it is worth taking a moment to define the S;; terms with respect to
moduli of elasticity, E, and Poison’s ratios, v:

1/E: () —vi2/Ey(t)  —Vi3/Es(t) 0 0 0
—vi2 /Eq(t) 1/E5(¢) — 23 /E(t) 0 0 0
—vi3/E (t)  —V23/Ex(t) 1/E5(¢) 0 0 0
[S(t)] = 0 0 0 1o 0 0 (10)
0 0 0 0 1/65 O
0 0 0 0 0 16

As shown earlier, the time-independent compliance matrix for transversely and fully
isotropic materials can be found using Equations (7) and (8). For viscoelastic materials, the
sustained imposition of a stress causes increasing strain, called creep. Conversely, subjecting
a viscoelastic material to constant strain leads to decreasing stress, called relaxation. Creep
occurs in three phases characterized by the linearity of the strain response as a function
of time. Primary, or phase I, creep is characterized by logarithmic growth. In secondary,
phase II, creep, deformation increases linearly with time. Finally, tertiary, phase III, creep
is characterized by exponential growth until failure [55]. Methods for calculating the
compliance from stress-strain data is well documented [58-61]. These methods typically
involve applying a known stress to material samples while measuring strain and time data.
From these data, stress-strain curves are constructed and functions are fit to the curves to
define the time-dependent change in elastic modulus. It is worth noting that a number of
phenomena affect the viscoelastic response of materials, including stress magnitude and
direction, temperature, moisture, and age [62].

4.2.1. Hygroscopic Effects

The effects of moisture, also known as hygroscopic effects, on material properties have
been documented for a both elastic and viscoelastic FRP composite materials [63]. However,
hygroscopic effects are not expected to significantly affect the operation of flywheel rotors.
FESS commonly comprise a vacuum enclosure designed to contain the flywheel and limit
the aerodynamic drag acting on the rotor and bearing surfaces [39]. Hence, hygroscopic
instability is not expected to affect the rotor material during operation, provided the
vacuum environment is maintained. Consequently, viscoelastic material characterization
should be performed on suitably dry specimens to most accurately describe the material in
situ. If necessary, this can be accomplished conditioning specimens, e.g., by gently heating
specimens to approximately 90 °C for up to 24 h [62].

4.2.2. Temperature Effects

Similar to hygroscopic effects, the vacuum condition in the FESS enclosure minimizes
the influence of environmental temperature changes on the flywheel rotor during operation.
On the other hand, a vacuum environment prevents convective heat transfer and, thus,
impedes the removal of parasitic heat that is generated by energy losses, such as friction
in bearings and eddy currents in the electrical machine. Hence, a flywheel rotor may
still experience considerable temperature fluctuations depending on the FESS design
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configuration and operation, and hence, the study of temperature on flywheel rotor creep
and relaxation should be considered in FESS design.

Challenges with assessing the creep behavior of FRP composite rotors arise from the
projected long lifetimes of FESS. As a solution, time-temperature superposition principle
(TTSP) can be used to predict long-term behavior using short-term viscoelastic test data.
FRP composites are highly sensitive to temperature fluctuations with linear viscoelastic
behavior being observed below the polymer matrix glass transition temperature, Tg, and
non-linear viscoelasticity above. Elevated temperatures facilitate polymer chain mobility,
causing a decrease in both moduli and strength [60]. For the TTSP, a trade-off is seen
where increasing temperature increases the rate of viscoelastic response, and decreasing
temperature decreases this response. By conducting short-term experiments at elevated
temperatures, it is possible to predict the long-term behavior of the material at low tem-
peratures. The basic procedure for the TTSP is discussed in [64]. First, material specimens
are subjected to constant load at various temperatures in conventional creep testing. These
data generate a series of compliance curves when plotted over time in logarithmic scale
(log(time)). Second, an arbitrary reference temperature is selected. Third, all compliance
curves are shifted along the time axis onto the reference temperature compliance curve to
construct a master curve. As a demonstration, consider the data series of tensile experi-
ments in Figure 4. Short-term tensile experiments were conducted on an FRP composite
material at various temperatures to collect the viscoelastic data [65]. Data for all tempera-
tures but the reference temperature were shifted along the time axis to construct the master
curve at a reference temperature, T, of 40 °C.

1.0

097

087
g
S, 0.7 |
‘5‘0.6 .
O
c
S05fT
o
(EJ 04t o Master Curve
O O 40°C

0.3 i -+ SOOC

02} 60°C

¢ 70°C
0‘1 ' A ' A A A '
-1 0 1 . 3 4 5 6 7

Figure 4. Time-temperature superposition experimental data, reproduced from [65]. Data were
collected from tensile tests for an FRP composite at various temperatures and shifted along the time
axis to create a master curve for a reference temperature of 40 °C.
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An underlying assumption for the TTSP is that creep is controlled by the same mech-
anisms under the different temperatures. Therefore, the master curve is expected to be
smooth throughout. Since it is constructed on a log(time) axis, the predicted compliance
is sensitive to the shift factor, where a small discontinuity could result in errors of years
or decades. If a smooth master curve exists by using only horizontal shift factors, then
the material is considered thermorheologically simple. The need for vertical shift factors
has been identified under some conditions [64], in which case materials are referred to as
thermorheologically complex. The majority of materials, including FRP composites under
normal conditions, are considered thermorheologically simple [64]. Notably, even though
TTSP has been employed to characterize the linear viscoelastic behavior of epoxy polymers
since at least the 1960s [66], there is still no established convention defining the optimal
method to determine shift factors for each curve.

The distance each curve is shifted along the time axis is called the shift factor, ar. There
are several ways to determine the shift factor for each curve, all of which are designed to
create a smooth master curve. Brinson [67] studied the time temperature response of Hysol
4290, a common contemporary two-part epoxy. Brinson conducted tensile tests on samples
of the material at temperatures between 90 °C and 130 °C and, thus, constructed a master
curve covering creep at 90 °C over approximately 6 months. The shift factor was determined
using the William-Landel-Ferry (WLF) equation [68], which requires a knowledge of T
and a set of experimentally determined material constants. While WLF can create a smooth
master curve, it is limited to temperatures above Tg, so it may not be suitable for all
applications. Another common method is using an Arrhenius’ equation [69,70], which
requires knowledge of the activation energy and gas constant. The activation energy is
typically determined using dynamic mechanical analysis [71].

Both of the above mechanistic methods attempt to define a relationship between certain
material properties and the creep response. However, Gergesova et al. [72] recognized
that a smooth master curve can be constructed without this mechanistic relationship by
mathematically minimizing the horizontal distance between two adjacent curves. His
algorithm considers overlapping region of data between adjacent curves. Before shifting
these regions, one defines an area that is delineated on either side by the experimental
data and on top and bottom by the height of the overlap. This area can be minimized by
applying a shift factor to one or both curves depending on the chosen reference temperature.
Using this method, the shift factor and master curve can be found without the need for
additional experiments or prior knowledge of the activation energy. It is worth noting that
Sihn and Tsai [65] used an Arrhenius equation, while the master curve in Figure 4 was
created using the algorithm from Gergesova et al. [72].

Applying a best fit curve to the compliance master curve defines a function used to
determine the material’s stiffness at any time throughout its lifetime:

Sij(t, Tx) = Sij(ar,t,T) (11)

where S;; is the compliance and T is the experimental temperature. Tensile experiments
must be conducted to determine [S] for each independent modulus in Equation (10), i.e., Eq,
Ej, E3, etc., and will vary depending on whether the material is isotropic, transversely
isotropic, orthotropic, or fully anisotropic.

4.2.3. Aging Effects

Aging is a continuous process which occurs at all temperatures and is caused by
polymer chains evolving toward equilibrium. This is ultimately a densification process
which results in a decreased chain mobility and compliance. The effect of aging is similar
to temperature in that it is continuous; however, aging always results in a decrease in
compliance, whereas temperature can result in either an increase or decrease. Aging effects
can be included in directional compliance similarly to temperature effects. Compliance



Encyclopedia 2022, 2

312

is measured from material specimens at various ages and resulting curves are shifted to
define the age shift factor, ate. Then, Sij becomes the following:

Sl']'(te, Tr) = Sl-]-(aT,ate, t, T) (12)

where . is the age for which the master curve is created. Under isothermal conditions, the
aging shift factor can be calculated as a ratio between a reference aging time and an experi-
mental aging time raised to an experimentally determined thermal shift rate [73]. While
it is possible to experimentally determine and account for material aging when modeling
flywheel rotors, it is more practical to thoroughly stabilize the flywheel rotor by aging at an
elevated temperature under no load conditions until the rotor reaches equilibrium before
operation. This stiffens the material, minimizes creep, and provides a more repeatable start-
ing point for designing flywheel rotors. Sullivan [74] showed equilibrium can be achieved
by aging epoxy polymers at 115 °C for 1000 h. It is recommended that flywheel rotors be
aged to minimize material evolution during operation, which will improve rotor response
to applied loads and increase confidence in any simulation or modeling conducted during
the design of the rotor.

4.2.4. Stress Magnitude

Akin to temperature, the viscoelastic material response is closely linked to the stress
magnitude. At low magnitudes, FRP composite materials typically display linear viscoelas-
tic behavior. As the stress magnitude increases, the material begins displaying non-linear
viscoelastic behavior. Experimental findings on different material systems indicate signifi-
cant variation in the stress magnitude and temperature levels necessary to predict linear
viscoelastic response [62]. Currently, there is no conclusive method for determining at what
temperature and stress the material will transition from a linear to non-linear response.
However, it has been shown that linear response, necessary for TTSP, and fatigue resistance,
necessary for flywheel operation, can be ensured by limiting the temperature to below
Tg [75] and stress to below 50% of the failure strength [76].

4.3. Quasi-Static Analysis

In 1957, Lekhnitskiy [77] defined the stress equilibrium equations for an arbitrary
homogeneous anisotropic plate in cylindrical coordinates. These equations define the
radial, circumferential, axial, and tangential (shear) equilibrium for an anisotropic body
with applied forces, such as rotation, and the resulting internal stresses. Leknitskiy worked
with thin plates assuming a plane stress state for the body. If a thin uniform circular disk is
in equilibrium, axisymmetric, neither accelerating nor decelerating, and not experiencing
out of plane forces, it means the only the radial equilibrium equation is non-trivial.

Leknitskiy’s original analysis have been expanded upon with focus specifically on
multi-rim FRP composite flywheel rotors. Chamis and Kiraly [78] applied analytical
modeling to determine the stress and vibration induced in thin FRP flywheel rotors. They
found that high aspect ratio flywheel rotors were the most weight efficient elements of a
rotor, and that a flywheel can efficiently provide power in excess of 10 kW for several days
when needed.

By the 1990s, analytical analysis of flywheel rotors had been generalized to predict
the stress and displacement of multi rim flywheel rotors through work such as Gabrys and
Bakis [79], Ha et al. [80], and Wild and Vickers [35]. Gabrys and Bakis developed a complete
method for designing composite flywheel rotors from one or more FRP rims press-fitted
together. Their method relied on defining an optimization routine that maximizes angular
velocity, while ensuring radial and circumferential failures occur simultaneously. Through
their method, the thickness of each rim in a press-fit rotor can be found, thus defining an
optimal rotor design. They also state that rim materials should decrease in density and
increase in stiffness as rims are positioned further from the axis of rotation. In other words,
the densest and least stiff material should be used for the innermost rim, while the least
dense and most stiff material should form the outer most rim. This recommendation is
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reasonable considering largest radial positions will experience the greatest loading from
centripetal forces due to rotation and reaction forces from other rims deforming outward.
At the same time, this design approach alleviates the buildup of radial tensile stress that
acts transverse to the fibers, i.e., the direction with greatest susceptibility to failure.

Ha et al. [80] recognized that solving the analytical equations for multi-rim rotors
results in a series of non-linear equations, which led them to develop a unique method
for solving all the equation simultaneously, thus minimizing the time and computational
effort needed to analyzed flywheel rotors. They then went on to apply a similar opti-
mization routine as Gabrys and Bakis [79] to optimize the radial thickness of each rim for
multi-rim rotors constructed of various materials. Ha et al. considered rotors with an em-
bedded permanent magnet at the inner surface and up to four different rims: glass/epoxy,
aramid/epoxy, and two different carbon/epoxy variants, i.e., AS/H3501, T300/5208, and
IM6/epoxy. They showed that no multi-rim solution exists when density and stiffness
decrease with radius, contrary to typical construction. The optimization algorithm always
trended toward eliminating (i.e., zero radial rim thickness) all but the innermost rim.

Methods for solving Equation (13) to find radial displacement, radial stress, and
circumferential stress have been described extensively in literature [16,80,81] so only a brief
description is provided here. The radial equilibrium equation is as follows:

2, , -y
or

+ prw? =0, (13)

where ¢ is the internal stress in either the radial, subscript #, or circumferential, subscript 6,
direction, p is the density of the material, and w is the angular velocity. The stresses are
defined by Hooke’s law, Equation (5), and the stiffness matrix is defined with any of the
Equations (6)—(8), depending on the material response. Fundamentally, a two-dimensional
assumption can be made which is suitable for high aspect ratio flywheel rotors, i.e., thin
rotors with radial dimensions significantly larger than axial dimensions. The directional

strains are defined as: 5
ur ur
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where u; is the radial displacement and the subscript z signifies the rotor axial direction.
Then, Equation (14) can be substituted into Hooke’s law which is further substituted into
Equation (13). This yields a second order inhomogeneous ordinary differential equation,
which can be solved for the radial displacement and radial stress, yielding the following;:

K
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(15)
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where ¢ and « are constants based on the material properties of the rim, and C; and C;
are integration constants, detailed in [80], which must be determined by the boundary
conditions, see [81].

All research mentioned up to this point, and in fact the majority of flywheel research,
has been conducted on relatively thin disks. Such rotor geometries tend to minimize
material and fabrication costs and simplify analytical modeling by allowing for a two-
dimensional or plane stress assumption. Additionally, axial stress arises merely due to
Poisson’s effects from the combination of radial and circumferential stress. Moreover, for
typical rotor configurations, it is challenging to measure radial deformation experimentally.
For these reasons, a thin composite disk is beneficial especially for research purposes.

While Ha et al. [82] has extensively explored modeling under plane stress, work by
this group of researchers also involved two alternate assumptions: plane strain (PS) and
modified generalized plane strain (MGPS). The PS assumption is true for a thick rotor
where the axial dimension is significantly larger than the radial dimension, and defines the
axial strain as zero while the axial stress is allowed to vary [81]. Generalized PS and MGPS
allow the axial strain to vary according to a constant and a linear relation, respectively. Ha
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et al. compared the axial stress results for single-, two-, and three-rim rotor simulations
conducted with PS, MGPS, and finite element modeling (FEM). They found axial stress
results to have the best correlation between MGPS and FEM. For the two-dimensional case,
such as the one solved using the model by Lekhnitskiy, plane stress and PS are identical
because there is no third dimension for stress or strain. As the flywheel rotor increases in
thickness, PS was shown to be more appropriate than plane stress approximately when the
rotor radial dimension equals the axial dimension. While MGPS is relatively uncommon
in modern flywheel research due to its complexity, PS and generalized PS are still part of
contemporary research.

A number of studies have been published discussing analyses that specifically target
flywheel rotor design for energy storage applications [14,46,47]. Much of recent research
into FRP composite flywheels has focused on optimizing the design to minimize cost, in an
effort to make the technology a more attractive alternative to other conventional storage
technologies, primarily electrochemical batteries. Hearn et al. [83] and Rupp et al. [22]
focused on minimizing FESS cost for public transportation. Both studies found rotors
with rectangular cross sections and no more than three rims to be ideal for maximizing
storage capacity while minimizing cost; a storage capacity of approximately 3 to 5 kWh
was considered appropriate for public transportation. Recalling Equations (2) and (15),
rectangular cross sections maximize the volume of material at a given radius while pro-
viding in-plane support for material at smaller radial locations. Rectangular cross section
rotors are also comparatively easy to manufacture. Recent efforts [84] have employed
advanced multi-factor optimization algorithms to develop methods for designing FESS
appropriate for a wide range of application include grid storage, grid regulation [85], and
energy storage in addition to public transport.

In the most recent decade, research has shown a trend to move away from either the
PS or plane stress assumptions to include full three-dimensional analyses. Pérez-Aparicio
and Ripoll [86] described exact solutions for the analytical equations in the radial, circum-
ferential, axial, and tangential (shear) directions. They also compare two failure criteria,
discussed later. Zheng et al. and Eraslan and Akis [41,87] discussed the instantaneous
stresses induced in functionally graded rotating disks of variable thickness. A functionally
graded rotor is one where the material properties smoothly vary as a function of radius,
in contrast to a multi-rim rotor, where material properties change discretely. These results
show carefully controlling rotor thickness and material properties can significantly reduce
induced stress and minimizing the risk of failure due to crack initiation and propaga-
tion. The methods discussed in these studies are valuable tools in understanding rotor
mechanics; however, they fail to consider aspects such as energy storage capacity and
manufacturing costs.

While there has been significant development in the understanding and optimization
of quasi-static composite rotor stress responses, there has been comparatively little devel-
opment in the understanding of viscoelastic and dynamic behavior of composite rotors,
which is the subject matter of the following two sections. This is especially surprising given
one of the primary advantages of FESS over other storage systems is the expected long
lifetimes of these systems.

4.4. Viscoelastic Analysis

Viscoelastic creep and stress relaxation continuously evolve over the operation of an
FRP composite flywheel rotor. Viscoelasticity has been suggested to significantly affect the
interface pressure at either the hub-rim or rim-rim interfaces, depending on rotor construc-
tion, which is critical for the integrity of rotors assembled via press-fitting. Creep rupture in
the composite materials is an additional concern [88]. Trufanov and Smetannikov [89] inves-
tigated a flywheel rotor constructed from a variable thickness filament-wound composite
wrapped in an organic plastic shell. They tracked the change in radial and circumferen-
tial stress at several key points over a simulated period of 10,000 h. Depending on the
location in the shell, their results showed that circumferential tensile stresses can increase
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between 4% and 15% and radial compressive stresses could increase by up to 40%. In the
composite rim, the maximum circumferential stress increased by 7.5%. At the same time,
the maximum radial stress decreased by 33%. The construction of this flywheel is unusual
for modern high-speed flywheel rotor; however, these results demonstrate that radial and
circumferential stresses are highly variable and the potential for creep rupture or loss of
interfacial pressure between rotor components exists.

Portnov and Bakis [90] presented complete solutions for the analytical equilibrium
equations including creep. They studied a thick unidirectional FRP composite rim with
rectangular cross section filament-wound around a small metallic hub. Their results showed
that after complete relaxation, radial strain was maximized at the outer radius of the rotor,
with strains being predicted to be approximately three times larger than the circumferential
strain at the same position. This further supports the conclusion that creep rupture may be
of significant concern.

Subsequent studies by Tzeng et al. [91,92] simulated arbitrarily long composite fly-
wheel rotors press-fit or wound onto metallic hubs similar to those seen in industry [93,94].
They employed the generalized PS assumption due to the assumed length of the rotor and
predicted stress and displacement in the radial and circumferential direction after 1 year,
10 years, and infinite time (10'° years). Similar to previous work, Tzeng showed that radial
stress could decrease by as much as 35%, while circumferential stress could increase by
up to 9%. Tzeng also studied flywheels with variable winding angles and found similar
though slightly improved results.

While this body of work is compelling, the majority of it has been conducted analyti-
cally with relatively little available experimental data. Emerson [62] attempted to resolve
this issue by, first, measuring the transverse strength and modulus of a glass fiber compos-
ite used in flywheel rotor construction, to improve simulation reliability, and, second, by
taking in situ strain measurements using optoelectronic strain measurements. The material
testing was conducted according to the methods described in Section 4.2. The flywheel
measurements were to be conducted using a custom-built test apparatus. Unfortunately,
this testing was inconclusive due to a series of mechanical failures and was not able to
eliminate the possibility of creep, significantly impacting rotor structural health.

While some studies suggest that over extremely long times of operation, e.g., 101 years
or the time required to reach full relaxation, viscoelastic behavior of the composite can
significantly impact rotor structural health by facilitating either creep rupture, the loss of
rotor integrity by the loss of interfacial pressures between hub and rims, or both. However,
the expected lifetime for flywheel rotors, as discussed, is between 10 and 20 years [5].
Furthermore, many of these studies occurred on either thick composite disks or arbitrarily
long flywheel rotors. Skinner and Mertiny addressed this issue in [16], where a carbon FRP
composite flywheel rotor was simulated for up to 10 years. The analytical process they
followed to simulate the rotor behavior is similar to that pursued by previous researchers,
so it is worth taking a brief aside to discuss this work here.

The analytical methodology used for viscoelastic simulations is fundamentally a
quasi-static analysis; therefore, the viscoelastic solution procedure requires approximating
time-varying behavior through a number of discrete time and load steps. The response at
each step is used to calculate stress for the flywheel rotor throughout the simulation. First,
the rotor dimensions, material properties, and simulation parameters—time and velocity
vectors of interest—are defined as inputs to the algorithm. Then, beginning at the first
time and velocity of interest, the material stiffness matrix is calculated for each rim of the
flywheel rotor. Next, the boundary conditions at each interface and at the inner and outer
surface of the rotor are calculated. Through these steps, the rotor response is calculated
for the current time and velocity iteration. Finally, the algorithm proceeds to the next time
and velocity of interest. Iterations continue for all discrete times and velocities of interest,
which yields the induced stress for all points in the flywheel rotor at all times and velocities
of interest.
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The results from Skinner and Mertiny, Figure 5, showed that during operation, radial
and circumferential stresses in the carbon FRP composite rotor were predicted to decrease
by 1% and 5%, respectively. Additionally, as was seen by other researchers, interfacial
pressure was predicted to have the most significant variation with an overall decrease of
up to 36%. Despite these changes, viscoelastic stress relaxation is not expected to cause
complete loss of interfacial pressure between hub and rim during the expected lifetime, nor
is it expected to be a primary cause of failure. It was postulated that viscoelastic behavior
of the material may play a role in other failure modes, such as fatigue damage and matrix
cracking, but is ultimately unlikely to be the dominant cause for rotor failure.

4.5. Shear Stress

The presence of shear stresses in FRP composite flywheel rotors has not been studied
extensively. Nevertheless, the analytical equilibrium equations have been defined for
rotating anisotropic disks, and extensive work has been completed in this field for isotropic
and functionally graded rotating disks of constant and variable thickness. An exact solution
for the tangential (shear) equilibrium equation of a rotating disk was presented by Pérez
Aparicio and Ripoll [86]. The equilibrium equation, given by Equation (16), has a similar
form to the radial equilibrium equation, Equation (13):

dTrQ
dr

2
+ T +par =0 (16)

where T, is the in-plane shear stress and « is angular acceleration. Shear strain is defined as:

dv v
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Solving the resulting second order inhomogeneous ordinary differential equa-
tion, in the same manner as previously discussed, yields the tangential stress and
displacement equations:

2C;

-1 px 3 px 2
v==Cr 4+ Cr+ 8G79r ;o T G79|: ) + 4Gr9r ] (18)

where v is the tangential displacement and C; and C; are integration constants. Notice
that tangential stress is dependent on a single integration constant because when the strain,
Equation (17), is substituted into tangential displacement, the second integration constant,
Cy, is eliminated. The integration constants can be found through the boundary conditions
as functions of the rotor geometry, density, shear modulus, and angular acceleration. Pérez
Aparicio and Ripoll considered a worst-case scenario where peak shear stress is caused by
a severe acceleration of 3.6 x 10° rad/s?. For this considered worst-case scenario, resulting
stress states were described as possibly critical for the hub rather than the rotor.

Tang [95] conducted an early study on shear stress in accelerating disks mounted
to a ridged shaft. They showed that shear stress was dependent on the acceleration and
the ratio between the inner and outer rotor radius. When this ratio is greater than 0.15,
the shear stress will increase drastically and may need to be considered when designing
structural components.

Much of the studies on shear stress in rotating disks focuses on variable thickness
and functionally graded materials for applications in turbines and engines. Reddy and Sri-
nath [96] presented a method to study acceleration in high-temperature rotating disks with
variable thickness. They showed that the cross section of the disk may have a significant
impact on shear stress and should, therefore, not be discounted. Continuing with rotating
disks for turbine applications, Eraslan and Akais [87] and Zheng et al. [41] presented a
method to analyze instantaneous shear stress in rotating disks. They showed that care-
fully controlling the rotor cross section and properties produces an optimum stress profile.
Zheng et al. also showed that the presence of shear stress can shift the maximum stress
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location from the inner radius to near the mid-radius, depending on shear stress magnitude
and direction. Note, shear stress directionality is relative to the rotating direction, where
accelerating the rotor causes positive shear stress and decelerating the rotor causes negative
shear stress. Shear direction is important, for example, for predicting failure such as using
the Tsai-Wu criteria discussed below.
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Figure 5. Evolution of (a) radial and (b) circumferential stresses at different times of operation
(0-10 years) of a flywheel rotor with an aluminum hub and carbon FRP composite rim due to
viscoelastic stress relaxation [16].

Salehian et al. [97] investigated instantaneous shear stress in functionally graded con-
stant and variable thickness rotating disks. They conducted both analytical and numerical
analyses. The functionally graded flywheels they studied featured increasing material
density as a function of radius. They also showed that both methods are equally accurate
and that shear stress can be significant for functionally graded materials.

Previous studies were conducted assuming an essentially instantaneous event subject-
ing a rotating disk to angular acceleration. However, in the context of FESS, shear stress
created by accelerating or decelerating the flywheel rotor should be considered for typical
FESS energy transfer, i.e., the supply or demand of power. The relationship between power
and acceleration is found through the applied torque, such that:

P=Tw;T=La (19)

where P is power and T is torque. From Equation (19), it is clear that power is related linearly
to angular acceleration and velocity at a given instant. Furthermore, from Equation (18),
shear stress is linearly related to angular acceleration. Therefore, even for constant accelera-
tion, power varies over time, and so do radial and circumferential stresses as the velocity
changes due to angular acceleration. Considering the opposite case of constant power,
acceleration necessarily needs to vary. For example, at an initially low angular velocity and
constant power supply, the flywheel rotor acceleration and shear stresses would be much
larger than at a later time when velocity has increased due to the imposed acceleration.
Combining Equations (18) and (19), it is possible to determine the stress state as a result
of a given power supply or demand, and vice versa. Recalling the work by Pérez Aparicio
and Ripoll [86] mentioned above, a flywheel rotor was simulated with an inner radius, outer
radius, height, and density of 0.08 m, 0.2 m, 0.06 m, and 1800 kg/ mS, respectively. For an
angular velocity of 17,425 rpm (1827.6 s~ 1), a supplied power of 1.67 GW is associated with
an angular acceleration of 3.6 x 10° s~2 for 0.005 s. Pérez Aparicio and Ripoll explained
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that power supplied at this magnitude would occur in specific applications, such as military
artillery; however, it is atypical for energy storage systems.

The shear stress investigations discussed above presented solutions to analytical
equilibrium equations and described instantaneous behavior of variable thickness FRP
and functionally graded rotating disks. Moreover, shear stress resulting from a given
peak acceleration of a flywheel rotor was discussed. However, the technical literature is
ambiguous regarding time-dependent behavior, evolution of the rotor stress states, and
possible damage events resulting from typical operating conditions, i.e., repeated energy
transfer cycles over the flywheel lifetime.

5. Failure Analysis
5.1. Failure Criteria

Several criteria have been applied to predicting failure of FRP composite flywheel
rotors. A large body of the available research considers rotor failure a quasi-static process
caused by excessive loading from centripetal forces due to rotation exceeding material
ultimate strengths [45]. The most common failure models are the maximum stress or
strain [98], von Mises [41], and Tsai-Wu failure criteria [16,99]. Additionally, attempts
have been made to predict rotor failure with progressive damage models [100]. Other less
common methods, such as the Christensen model [86], have been used to a limited extent
for predicting the failure of composite flywheel rotors.

5.2. Maximum Stress Criterion

The maximum stress and maximum strain failure criteria are the most widely used
due to their simple application and analysis. The maximum stress failure criterion defines
the failure ratio in each material direction to be the ratio of the applied stress to the failure
strength. Consider the failure stress in the fiber direction of the material in the tensile or
compressive direction to be 1, or oy, respectively. In the transverse directions, the material
is assumed to be transversely isotropic such that the 2 and 3 directions are congruent; thus,
oyt = 03¢ and 0y = 03.. Shear stress is dominated by matrix deformation 71, and 773.
With the applied stress tensor as [0y, 02, 07, T9], the maximum stress failure criterion is
defined as:
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Failure occurs when any of the above ratios is larger than unity. Similar inequalities
can be written for the maximum strain criteria to find the ratio between applied strain and
failure strain. While these criteria are well suited to predict failure when the primary failure
mode is uniaxial loading, they neglect load interactions in a rotor.

5.3. Tsai-Wu Criterion

To address multiaxial loading conditions present in flywheel rotors, the Tsai-Wu
failure criterion is frequently employed. The Tsai-Wu failure criterion involves independent
interaction terms, considers strength parameters both for tension and compression, and
enables treating different classes of materials, multi-axial stress, and multi-dimensional
space [101]. As presented by Tsai and Wu, this method considers 27 independent terms
which normalize the applied stress in a particular direction with the strength parameter in
that direction. If the sum of these terms, called the failure index F, is equal to unity, failure
is predicted. When applied to FRP flywheel rotors, the analysis problem is often simplified
using material symmetry and certain modeling assumptions. For example, consider a thin,
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transversely isotropic FRP rotor operating at constant velocity, axial stress terms can be
neglected, and all out-of-plane and shear terms vanish. Therefore, the Tsai-Wu criterion
can be reduced to six terms. Depending on the material and modeling assumptions, the
exact number of terms that must be considered will vary. It is worth noting, when applied
to an isotropic material with equal tensile and compressive strengths, the Tsai Wu criteria
will simplify to the von Mises failure criterion [102]. Therefore, the Tsai-Wu criterion can
expediently be applied to multi-material flywheel rotors where the hub and rims may be
constructed from materials that are either isotropic, e.g., metals, or anisotropic, e.g., FRP
composites. The Tsai-Wu failure criterion, which has widely been applied for the failure
prediction in FRP flywheel rotors for decades [16,32,99,103], is given for a three-dimensional
transversely isotropic material as:

F= F110'12 + Fy» (0’22 + 0':%) + (ZFZZ — P44)0'20'3 + 2F120'1(0'3 + 0'2) + 5 (0’1 + 0'2) + Fo3 + F44T223 + 2F¢q (lez) (21)

where F;; are material coefficients dependent on the tensile and compressive strengths in
each direction. A complete list of coefficients is available in [102]. The Tsai-Wu failure
criterion can be modified to find the strength ratio (SR), which is the ratio between the
applied stress and the failure stress [16,80,100]. Failure is predicted when SR is greater than
or equal to unity. This approach provides an intuitive and easily represented term, which
facilitates the comparison of combined stresses across the entire flywheel rotor.

5.4. Progressive Failure Analysis

Progressive failure analysis (PFA) has been applied to composite rotors and other
structures in a number of studies in the proceeding decade [30,100,104,105]. The premise
underlying this approach is that composite materials may initially experience benign failure
modes, e.g., matrix micro-cracking and interlaminar fracture, without complete loss of
structural integrity. In this case, the structure can continue to support applied loads until
the accumulation of damage causes ultimate (catastrophic) failure. As applied to flywheel
rotors, matrix damage such as cracking, delamination, and interlaminar fracture can be
classified as benign failure modes while fiber rupture is considered catastrophic. This
type of failure analysis is iterative. First, rotor simulations are conducted as discussed
above to determine the maximum rotor velocity, and failure mode and location. In case
of a benign failure mode, a knockdown factor that depends on the failure mode and the
material characteristics is applied to the material properties at that location. This process is
repeated until catastrophic failure is predicted [99].

PFA has been shown to accurately predict failure dynamics in woven composite
disks [30]; however, only limited studies have been conducted on filament-wound flywheel
rotors [100]. In contrast to radially oriented fibers, in the woven disk designs, the fibers
provide the majority of radial support for the rotor to resist the centripetal forces. However,
this is not the case for filament-wound flywheel rotors where radial stresses are borne chiefly
by the matrix. Notably, circumferential matrix fracture in a filament-wound rotor would
result in practically complete loss of radial integrity. Furthermore, analytical methods
described above assume the rotor to be continuous; however, progressive damage events
may introduce discontinuities which may or may not violate this assumption. For example,
if a damage location, such as a circumferential matrix fracture, is under compressive stress,
then crack closure may ensue, and hence, a continuity assumption could be upheld. In
such as case, the fractured structure could be considered as two separate rims of the same
material that are press-fitted together. However, under tensile stress, the crack is forced
open, violating the continuity assumption. Situation like these have not been addressed
in the technical literature, so further studies into PFA are needed to better understand its
applicability to predicting FRP flywheel rotor failure.
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6. Conclusions and Prospects

The present entry has presented an overview of the mechanical design of flywheel
energy storage systems with discussions of manufacturing techniques for flywheel rotors,
analytical modeling of flywheel rotors including multi-rim configurations, and contempo-
rary failure criteria. Flywheel construction employing metallic hubs and rotors was also
considered, as was the assembly of components by either filament-winding or press-fitting.
Analytical techniques for modeling multi-rim flywheel rotors constructed from either metal-
lic or FRP composite materials were described for quasi-static, viscoelastic, and variable
angular velocity operating conditions. Finally, contemporary failure criteria were discussed
along with their advantages and limitations. Clearly, the understanding of flywheel rotor
construction, analysis, and failure prediction has advanced significantly in the last several
decades. Nevertheless, despite flywheel energy storage being a maturing field, some gaps
in understanding still exist. For example, further investigations into the cost of manufactur-
ing and the efficacy of variable winding angle flywheel rotors seems warranted. Further
studies on the effects of shear stress and time-dependent effects, including cyclic loading
and fatigue, in FRP composite rotors may be warranted to better understand behavior
and improve failure predictions for flywheel rotors for long-term operation. Additionally,
experimental data characterizing long-term behavior of FRP composite materials, especially
in the transverse direction, would be valuable for improving the accuracy of long-term
modeling of stress and failure predictions. Finally, progressive damage failure analysis,
while compelling, would benefit substantially from experimental validation of modeling
results to clearly discern its merit compared to other failure predictions.
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