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Abstract

Most recent research on flywheel rotors has focused on high-speed composite
rotors as the storage element of the flywheel energy storage system (FESS).
Literature research indicates that this is primarily due to the high specific en-
ergy of composites compared to metals. However, a quantitative comparison
of the performance of flywheels made from these materials has not been con-
ducted. This paper aims to answer the question - ’Are composite flywheels
better suited for energy storage than metal flywheels?’. This study uses three
different performance indices: kinetic energy; specific energy; and, energy per
cost, to compare the corresponding rotor designs. A plain-stress, linear elastic
mathematical model of the flywheel rotor described by Krack et al. [I] is used
for analysis. Different optimization formulations corresponding to performance
indices chosen based on the FESS application are then solved to study optimal
FESS designs. The study indicates that for applications where the energy-per-
cost is to be maximized, metals are superior to composite rotor materials. On a
total energy basis, metals and composites are on par with each other. Compos-
ite rotors are however, superior for applications requiring high specific energy.
A hybrid rotor, with a metallic energy storage element and a thin composite
burst-rim, is also optimally designed and found to be a viable solution, because

it offers the cost benefit of metal rotors, as well as the burst-safety provided by
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composites.
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1. Introduction

In order to improve the reliability and robustness of the grid, short duration
energy storage is of critical importance to electric utilities. Flywheels have be-
come a feasible storage choice for typical short duration applications, such as
frequency regulation [2], voltage leveling [3] and fault ride-through support [4]
of intermittent sources like wind and solar farms [5]. As the integration of in-
termittent renewable resources in the grid continues, a proportional increase in
energy storage capacity will be required in order to comply with existing and
future grid codes for safety, reliability and profitability. The increasing use of
flywheel energy storage systems has resulted in a subsequent resurgence of re-
search in the area of flywheel analysis and optimization in order to achieve more

reliable and cost effective designs.

Some flywheel specifications for prototype storage installations across the world
are listed in Table The table depicts the type of flywheel rotor, power ca-
pacity, energy storage, mass, speed, self-discharge and round-trip efficiency of
various manufactured flywheels. These flywheels have been installed for a va-
riety of applications, ranging from frequency regulation, voltage support and
resilience, which need short duration storage (in minutes or seconds), to reserve
capacity, which needs longer duration storage (in hours). Some manufacturers
have chosen to use composite rotors, while others use metal rotors. Thus, it
is necessary to understand all the factors that may affect the choice of rotor
material, and consequently, the optimal design and performance of the storage

system.

The performance of a flywheel energy storage system (FESS) can be improved
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Table 1: Flywheel storage solutions deployed at utility scale applications

Flywheel model Rotor type Power Capacity Energy Storage Mass Specific Energy ~ Speed  Self-discharge 7 Ref
kW KWh kg Wh/kg rpm w %
Beacon Power, LLC (BP400)  Carbon composite 100 25 1133 22.06 8000-16000 4500 85 [0
LEVISYS Carbon composite 10-40 10 - - - E - m
Stornetic GmBH (EnWheel)  Carbon composite 22-80 3.6 - - <45000 - - B
Flywheel Energy Systems Inc Composite 50 0.75 135 5.55 15500-31000 500-1000 86
Powerthru / Pentadyne Carbon composite 190 0.528 590 0.89 30000-53000 250-300 - 9]
Calnetix (VDS-XE) 1340 Aerospace steel 300 111 821 1.35 24500-36750 - - [
Amber Kineteis (M32) Low-carbon Steel 8 32 2268 14.10 <8500 65 88 I
Temporal Power Steel 100-500 50 3500 14.28 <10000 500 & (12
ActivePower Steel 50-250 0.958 272 3.55 7700 2500 - Mm@
ABB (PowerStore) Steel 100-1500 5 2900 1.72 1800-3600 12000 - 14]
Piller - 2400 5.833 - - 1500-3600 - - [
Energiestro Concrete 5 5 kWh 1700 2.94 - - -0

%Three weeks standby time

by operating it at high speeds, by choosing high strength materials, and by
optimizing the shape and dimensions of the flywheel rotor [I7]. The use of
multiple-rim composite rotors can further increase the energy content, by op-
timizing the number of composite rims, the sequence of materials used in the
rims, the amount of interference between the rims, and their relative thickness
[1I7], [I8]. The properties of composite materials, such as high strength in the fi-
bre direction, low density, and flexibility in tailoring of material properties make
them a promising choice of rotor material. On the other hand, metal flywheels
have advantages such as ease of manufacturing and lower cost. Standby losses
occurring in FESS components, such as the bearings and electrical machine,
scale with the speed of operation, thus the decreased operational speed in metal

flywheels also reduces losses occurring in the system.

Researchers have predominantly used the specific energy as a performance mea-
sure to compare flywheel designs. Genta [I8] compared flywheel materials using

their specific energy at burst speeds, which is given by the relation:

Eox(2)

where e is the specific energy, F is the total energy, m is the mass of the
rotor, o, is the ultimate strength and p is the density of the material. The

shape factor K depends mainly on the flywheel geometry. Using equation ,
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the specific strengths of some isotropic materials, Carbon Steel (Fe 34), Alu-
minium Alloy 2024, Titanium Alloy and Maraging Steel were found to be 12,
46, 63 and 66 Wh/kg respectively, and those of composites such as unidirec-
tional Glass, Kevlar and Graphite reinforced plastics were 180, 230 and 240
Wh/kg respectively. This indicated that the theoretical maximum specific en-

ergy of composites was greater than that of metals, by a factor of 4-5 on average.

As described by Genta, however, there are some precautions to be taken when
using this method to compute the specific energy. When orthotropic materials
such as composites are used to fabricate flywheel rotors, the ultimate strength,
0w, must be indicative of the failure mode of the composite rotor. Also, rotor
designs with shape factors > 0.5 have bi-directional stress distributions, which
cannot be handled by filament wound composite rotors with unidirectional lam-
inates, since their tensile strengths transverse to the fiber direction (i.e., in the
radial direction) are very low. Thus, designs with shape factors < 0.5 must
be chosen, or an alternative manufacturing method must be used, which would
result in a multi-directional composite, with a better transverse tensile strength,
albeit a lower hoop strength. Metal rotors, on the other hand, can be fabricated
to have high shape factors, leading to improved performance. Thus, the shape

factor depends on the choice of rotor material.

Liu et al. [19] estimated the theoretical maximum energy density of different fly-
wheel rotors using , and found the specific energy of Maraging steel, Kevlar
and T700-Graphite fiber composite flywheels to be 47, 370 and 545 Wh/kg re-
spectively, when using a fixed shape factor of 0.5, corresponding to a rotor of
constant thickness. The flywheel shape used for this comparison is unfavorable
for metal rotors, since they can be manufactured with complex shapes to im-
prove the shape factor K. Bitterly et al. [20], calculated the specific energy of
the flywheel using the relation:

e=1587TE -5 <OZ) £Stress§Design (2)
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where, oy is the hoop stress, p is the material density, {siress and {pesign are
safety factors for stress and design. They reported the theoretical maximum
energy density e™%* of 4340-Steel and Kevlar-49 flywheels to be 31.7 and 350
Wh/kg, using (2), with safety factors of 100% to estimate the energy density.
Neither of these methods accounted for the different failure modes in compos-
ites, and thus could not be used to reliably compare the specific energy of metal

and composite rotors.

Arnold et al. [I7] modified the shape factor to account for material anisotropy
and stress-state multiaxiality and compared the specific energy of a slightly
anisotropic and a strongly anisotropic material using the original and modified
shape factors. They found that, for the strongly anisotropic material with a vol-
ume fraction of 40%, the calculated specific energy varied from 327.86 to 113.74
and to 115.36 Wh/kg when using the original "hoop only’, a modified 'radial-
only’ and ’multi-axial’ shape factors respectively. Thus, the use of multi-axial
shape factors could account for the geometry and operating conditions of the
rotor more accurately. Also, this study showed that the shape factor of the type
used in previous literature resulted in an over-prediction of the specific energy

in the case of anisotropic materials such as composites.

The data from Table [I] indicates that there is a balanced mix of composite
and metal flywheels currently being manufactured, despite evidence from pre-
viously published work that the specific energy of composites is much higher
than that of metals. This leads to the following two hypotheses, which will be

investigated in this paper.

The first hypothesis is that the specific energy is not the only performance index
which is important while selecting the rotor material, and that there might be
other factors influencing the choice of materials during the design process. In
utility or grid applications, the total energy and cost might be the most impor-

tant performance indices; whereas, in mobile applications, the weight or space
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occupied by the FESS might be a major constraint, and thus the specific energy
or energy density might be the most important performance indices. There is,
therefore, a need to compare optimal flywheel designs based on different crite-
ria, depending on the application. Krack et al. [21], [22] optimized the energy
per cost of fixed volume multi-rim composite annular disk-type flywheels, by
varying the operating speed and relative thickness of the composite rims, us-
ing normalized costs of rotor materials. This approach can be extended to the
current work to select the best rotor materials for the optimal flywheel for the

application.

The second hypothesis is that the use of a simple geometric shape factor to esti-
mate the specific energy of a material might not accurately predict the specific
energy of a rotor made of that material, especially when anisotropic materials
are used. Thus, a mathematical model of the rotor is needed, which will ac-
count for material anisotropy and failure modes. When this model is used to
optimize the flywheel, a more realistic value of the specific energy of the rotor
can be obtained, which can then be used to choose the appropriate rotor mate-
rial. An additional advantage of using an optimization formulation to determine
the performance of the rotor materials is that, practical constraints other than
material failure can also be checked. For example, constraints on the radial
tensile stresses at the interface of multi-rim press-fitted composite rotors ensure
that the composite rims do not detach due to differences in the radial expansion

of the various rims.

This paper proposes to use an optimal flywheel rotor to compare and select
rotor materials. The 1-D plane-stress axisymmetric flywheel model, proposed
by Krack et al. [I] is used for the analysis. Several optimization formulations
consisting of various configurations of metal and composite rotors are studied.
For multiple-rim flywheels, additional interference constraints are applied, to
ensure that there is no physical detachment of the rims. Comparing the opti-

mal rotors ensures that the theoretical limits of the rotor material are reached,
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while also ensuring a feasible rotor design, without other failures such as de-
tachment of press-fitted rims from the hub. Optimization objectives, such as
total kinetic energy, energy per cost and specific energy are used to compare the
rotors and materials. A mesh adaptive direct search (MADS) algorithm is used
to solve the optimization problem, instead of the hybrid and multi-start meth-
ods employed in [I]. The MADS algorithm is a local, gradient-free method,
hence it converges faster than global methods, while being more reliable than

gradient-based methods.

In Section [2] the analytical model of the flywheel is described. This model
calculates the kinetic energy, stresses and deformations in the flywheel rotor
at a given speed. Section |3| presents the optimization formulations, with con-
straints imposed on the flywheel rotor model developed in the previous section.
Objectives such as kinetic energy, specific energy and energy per cost are opti-
mized by varying the operating speed, number of rims, rim materials and relative
thickness of the rims. Constraints on the material failure and rim detachment
ensure that there is no failure in the flywheel. Finally, in Sections [d] and [f] the

results and conclusions drawn from the studies conducted so far are presented.

2. Flywheel Structural Model

The flywheel mathematical model proposed by Krack et al. [I] is used in this
study. A brief overview of the model is provided below. The stored energy of

the flywheel is given by

n

= 1w = Spnhe? SO((r) — (1) ®)

J=1

where w is the rotational speed, p is the density, A is the constant rotor height,

J

n is the number of rotor rims and 74, r/ are the outer and inner radii of the

o) 'q

4t rim. A linear elastic model is used to determine the developed stresses in

the rotor, based on the assumptions of plane stress, and axisymmetric rotation.

Cylindrical coordinates are used for convenience.
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2.1. Governing equations

The flywheel stresses can be found by solving Euler’s equation of balance of

linear momentum for a body,
Vg + pb = pa (4)

where g is the Cauchy stress tensor , b is the vector of body forces and a is the
linear acceleration. The strain-displacement relation for small deformations is

used, along with a linear stress-strain relation, given by Hooke’s law.

e = 5[Vu+(Vu)) 5)

12

a=0Q

(6)
where ¢ is the strain tensor, u is the displacement vector and @ is the stiffness
tensor. The above relations are expressed in the cylindrical coordinate system,

and the assumptions of plane stress and axisymmetry are used to obtain the

second order equation:

Pur | 10u,  Quiuy puw?

+ = - T 7
87'2 r Or Qgg 72 Qgg ( )
Here, u, is the radial displacement, QQ11, Q33 are stiffness matrix components,

w is the operating speed and p is the density of the material. The derivation

and solution of this equation can be found in [IJ.

2.2. Boundary conditions

The radial stresses at the interface of the hub and the rotor, or between rims
for multi-rim rotors, are continuous. Thus, the following compatibility condition

is applied on the radial stresses at the interfaces:
oIt =i, 0
where j = 1,2,...,(n - 1)

The radial displacements are continuous, but with an interference §7, which
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results from the press-fitting of the rims during assembly. This results in the

displacement related compatibility condition:
Wi =l 4 )
where j = 1,2,...,(n - 1)

The stresses at the rotor outer surface are assumed to be 0, and the stresses due
to the hub, at the inner surface of the rotor, can be expressed using the model

from [2I]. Thus, the boundary conditions which are applied on the stresses are:

2,3 .3
O_ii =p; = PhubW (;; Thub) (10)
i
oM =0 (11)

2.3. Implementation

The above model is implemented and solved in Python. The numpy.linalg.solve
solver, which utilizes the LAPACK routine ’dgesv’, is used. The average sim-
ulation time for the analysis model is < 10 ms, on a 64-bit 4-core, 3.3 GHz

processor.

3. Optimization problem

3.1. Formulation

From the discussion in Section [Ilit is clear that there is a need to formulate
the optimization problem in a way that allows a meaningful comparison of the
rotor materials. This means that the optimization formulation needs to have
enough flexibility to find the true optimal rotor that can be made using any type
of material. For example, the optimal composite rotor might have multiple thin
rings press fitted together to form a high speed composite rotor, whereas the
optimal metal rotor might be a single thick disk rotating at much lower speeds.
Also, the performance index used to compare the optimal rotor materials might

be different depending on the application.
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In order to compare the energy content of flywheel rotors made of different
materials, a rotor of the type shown in Figure[l]is used, where the rotor height
is assumed to be constant, since a thick rotor would violate the plane-stress as-
sumption and necessitate the use of FEA simulations. The optimization problem
can thus be formulated as:

max: f(x)

where the objective f(x) may be one of the following:

$Iw?,  kinetic energy (KE)

C{{Oljt, energy per cost
%, specific energy

w.r.t: x = {w, n, {rl,;,m2 Y {materialy ;materialy,..,material,, } }

subject to: 0‘;7;t <1, material failure constraint
and Uﬁzl = Uﬁout <0, rim detachment failure constraint
where,
j = 1,2,...,(71 - 1) ; i= (7’,072)

w : rotor speed, rpm

n : number of rims

J ¢ outer radius of rim 4, m

Tout *

material; : material used in rim j

o; : stress in direction ¢ (i =1, 0, z)

ot : ultimate strength in direction i (i =r, 6, z)
o). o} : radial stress at inner and outer radii of rim j.

For the material failure constraint, the yield strengths of the metals are used to
compute the strength ratio for the material failure constraint, to avoid plastic
deformation. For composite materials, the ultimate strengths of the composite
laminates are used for their strength ratios. The maximum stress failure theory

(MSFT) is used to indicate failure.

10
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There is a constraint on the maximum radial tensile stress between the press-
fitted rims of a multi-rim composite rotor. The rim detachment constraint used
in this study is a novel one, which can allow the optimization routine to yield
better results that in the past. Previous research conducting optimization of
press-fitted multi-rim flywheels used a constraint which restricted the radial
stresses in the flywheel to compressive (negative) values at all points along the
radius [2I]. The new rim-detachment constraint only restricts the radial stresses
to compressive values at the interface between rims, where the load cannot be
transferred in the radial direction. Thus, other regions in the flywheel may be
subjected to radial tensile stresses within the material elastic limits, which fur-
ther increases the energy capacity of the optimal FESS. The number of rims
in multi-rim composite rotors has been limited to two in this study, since it
has been demonstrated by previous researchers [23], that a further increase in
the number of rims results in a limited improvement in the performance of the

flywheel.

-» N

shaft

Figure 1: Block diagram of flywheel rotor

11
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3.2. Implementation

The optimization problem is solved using DAKOTA toolbox [24], which al-
lows the use of its optimization algorithms as a black box, using a script inter-
face. A schematic of the interface between DAKOTA, and the analysis code,
implemented in Python is shown in Figure A MADS algorithm is used to
solve this non-linear constrained optimization problem, as it is a local, gradi-
ent free method, and is more reliable than local gradient-based methods, while
being faster than global methods such as genetic algorithms. It has minimal
dependence on the initial guess of the design variables. Also, this method can
reliably solve non-convex problems, which can prove challenging for gradient-
based methods because of their tendency to get stuck in local optima when the

optimization problem is non-convex.

DAKOTA
— Dakota_Outputs.out
Optimization — TabularData.dat
[—» Plot
A h
3 Params.in Results.out
BHkotal InpulEn (Design + State Vars) (Objectives + Constraint Values)
h
User Input -)| Configure flywheel (U1} | | Wrapper.py |
state vars Analysis |
flywheel

PYTHON

Figure 2: Schematic of the Python-DAKOTA interface

3.83. Model Validation

The flywheel mathematical model used in this study was validated against
the results published by Krack et al. [I]. A 2-rim composite rotor consisting of
an inner glass-epoxy rim and an outer carbon-epoxy rim was simulated. The

composite material properties and flywheel dimensions from [I] were used. The

12
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radial and hoop stresses developed in the flywheel rotating at 30,000 rpm were
then plotted, and compared with the stresses developed in a single rim rotor
made from either of the 2 composite materials. It was found that the radial
stresses developed in the rotor were reduced by introducing an extra rim. The
stress distributions in the 1-rim and 2-rim composite flywheel rotors, obtained
from the Python model described in Section [2] are shown in Figure [3] The re-

sults were in agreement with the previous publication.

150 1000
—  two-rim hybrid
— single glass / epoxy 900
— single carbon / epoxy

© o [1] two-rim hybrid

o o [1]single glass / epoxy
o [1]single carbon / epoxy

S S
g g
= = 600
© © s00
— two-rim hybrid
200 — single glass / epoxy
— single carbon / epoxy
o o [1] two-rim hybrid
300 © o [1]single glass / epoxy
o o [1]single carbon / epoxy
200
120 140 160 180 200 220 240 120 140 160 180 200 220 240
Radius, mm Radius, mm
(a) (b)

Figure 3: Comparison of simulated and literature results [I] for a) Radial and b) Hoop stress

distributions in 2-rim and 1-rim composite flywheels

In order to validate the optimization framework, the design problem in [I] was
also solved. The energy per unit cost of materials, for the 2-rim glass-epoxy
and carbon-epoxy composite flywheel, was maximized by varying the operating
speed and the relative thickness of the 2 composite rims. The optimal solution
was obtained for 4 different cost ratios of the materials used in the rims. Table
shows a comparison of the optimal solution with the proposed framework and
the solution obtained in [I]. The simulated results were within +0.3% of the
literature results, which could be due to the use of different optimization algo-

rithms.

The proposed optimization formulation discussed in Section [3] introduced an

13



290

295

300

305

Table 2: Optimal glass/epoxy and carbon/epoxy composite rotors for varying cost ratios.

Optimization framework d“:ﬁ E°P* MJ w,rpm 7}, mm
Literature Data [I] [11.3684 - o) 2.205 18,661 240.0
[2.3271 - 11.3684) 11.387 45,363 187.18
[0.1712 - 2.3271) 12.459 48,219 166.51
[0.0 - 0.1712) 4.672 30,137 120.0
Simulation 20 2.212 18,692 239.99
5 11.396 45,381 187.18
1 12.487 48,278 166.39
0.1 4.670 30,134 120.01

additional constraint on the radial stress developed at the interface of press-fit
rims in multi-rim rotors. This constraint was necessary to ensure that there
are no radial tensile stresses at the rim interfaces, which could result in failure
due to detachment of the rims. The necessity and significance of this new con-
straint was investigated. This constraint was not used in [I] because the radial
stress at the rim interface became more compressive at higher speeds, and there
was no need of checking for the rim detachment constraint. This is because
the ratio of the specific stiffnesses of the composite materials used in the study
were very similar. Figure a) shows the feasible range of designs for the glass-
epoxy and carbon-epoxy rotor used in [I]. It can be seen that the material
failure constraint is the binding constraint, and the rim detachment constraint
is non-binding. However, when there is a large difference in the specific stiffness
of the 2 rims, the rim detachment constraint also tends to become a binding
constraint. Figure b) shows the feasible range of designs using a kevlar-epoxy
and carbon-epoxy rotor, with a press-fit interference of 0.4 mm between the
rims. It is clear that there is a need to check for both constraints in the latter
case. The focus of this study is to select the best flywheel materials for various
performance criteria. Hence, the addition of the rim detachment constraint is

important, in order to evaluate all the materials and their combinations. The

14
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Table 3: Optimal composite rotors with different binding constraints

Flywheel Y, mm  E°P', MJ w,rpm rl,, mm Binding Constraint
Glass-Epoxy, Carbon-Epoxy 0 12.486 48,278 166.39 Material failure
Kevlar49-Epoxy, Carbon-Epoxy 0.4 6.39 35,477 149.04 Material failure, Interface Stress

optimal designs for the two flywheels evaluated in this study are also depicted

in Table B

Glass/Epoxy and Carbon/Epoxy 2-rim composite rotor Kevlar49/Epoxy and Carbon/Epoxy 2-rim c ite rotor

7 6
- Objective : max energy-per-cost -~ Objective: max energy-per-cost
— Constraint 1: Interface stress (MPa)<0 — Constraint 1: Interface stress (MPa) < 0

— Constraint 2: Material failure<0 — Constraint 2: Material failure < 0

500.000

Speed X 10, rpm
Speed X 10, rpm

140 160 180 200 220 140 160 180 200 220
Rim-1 outer radius, mm Rim-1 outer radius, mm
(a) (b)

Figure 4: Rim detachment failure as a a) non-binding constraint, and b) binding constraint.

4. Results and discussion

The optimization problems formulated in Section [3] were solved using a set
of 18 high strength metals and composites whose material properties are in
Tables and The 3D material properties of the composite laminates
were computed using the properties of some typical laminae in Autodesk He-
lius Composite software [25]. The costs of the metals were based on current
wholesale market prices. The costs of the composites were calculated using the
volume fraction of the composite, along with market prices of the composite
fiber rovings, and prices of the matrix materials such as resin and hardener.
The cost of a rotor can depend on factors such as manufacturing process and

complexity of design. However, this study only used the cost of the material,

15
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and did not account for manufacturing and other costs. To alleviate the impact
of the uncertainty in costs on the results, all material costs were normalized

before use in the optimization problem.

The performance criterion, or the objective function was maximized by varying
a combination of the following design variables: rpm w, and relative rim thick-
ness, which depend on r!,,. The choice of optimization objective, which was
used as a performance index to compare the rotor materials, was seen to affect
the optimal flywheel design. A parametric study was then conducted by varying
the number of press-fit rims n and the materials used in the rims material;.
The number of press-fit rims, n, was limited to a maximum of 2, and a fixed
rotor height of 50 mm, inner radius of 110 mm and outer radius of 200 mm were

used for the study. For multi-rim rotors, the press-fit interference was fixed at

0.4 mm.

The optimization convergence criterion was defined by the DAKOTA parame-
ters ‘function precision’ and 'maximum number of black-box evaluations’. The
"function precision’ parameter, which defines the resolution or accuracy of the
objectives and constraints was set to 1.e”10, and the 'maximum number of
black-box evaluations’ parameter was set to 1000. The DAKOTA parameter

'variable neighborhood search’ was used to escape local optima.

4.1. Optimal flywheels using maximum kinetic energy criterion

The kinetic energy of the flywheel was maximized and the performance of
the various rotor designs is presented in Table [} The stress distributions in
the optimal 1-rim metal, 1-rim composite, 2-rim composite and 2-rim hybrid
flywheels are shown in Figure The material failure constraint is a binding
constraint in all the optimal designs. However, in some 2-rim rotor designs, the
rim-detachment constraint also becomes a binding constraint. Some optimal
2 rim composite rotors where the rim-detachment is a binding constraint are

Kevlar49-Epoxy/AS4-3501-6, AS4-8552/IM7-8551-7 and T300-BSL914C/T300-

16
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Figure 5: Maximum kinetic energy criterion : Radial (top) and hoop (bottom) stress distri-
butions for optimal a) 1-rim metal, b) 1-rim composite, ¢) 2-rim composite, d) 2-rim hybrid

rotors

The following observations can be made from the study:

355 1. The average kinetic energy of optimal 1-rim flywheels made from com-
posite was around 1.5 times that of metal 1-rim flywheels. The kinetic
energy was maximized by allowing the operating speed and inner radius
of the rotor to vary. It was found that metal flywheels were around 3.7
times heavier than composites. However, composite flywheels were 4 times

360 costlier and operated at 2.3 times the speed of metal flywheels

17
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Table 4: Comparison of optimal flywheel designs based on kinetic energy criterion

Flywheel Material Kinetic energy, kJ Speed, rpm Rim radii, mm Mass, kg Relative Cost
Metal, 1-rim Al-6061-T6 418.86 15,713 (110 - 200) 11.87 27.31
Metal, 1-rim Al-2024 637.04 19,167 (110 - 200) 12.13 46.61
Metal, 1-rim Carbon-Steel-1020 685.47 11,818 (110 - 200) 34.35 60.47
Metal, 1-rim Al-7075-T6 709.56 20,156 (110 - 200) 12.22 37.53
Metal, 1-rim Steel-4340 749.61 12,351 (110 - 200) 34.40 34.40
Metal, 1-rim Stainless-Steel-15-7 1180.80 15,682 (110 - 200) 33.61 90.42
Metal, 1-rim Steel-18Ni-300 1203.03 15,460 (110 - 200) 35.23 53.91
Metal, 1-rim Stainless-Steel-440C 1947.44 20,100 (110 - 200) 33.74 42.51
Metal, 1-rim Stainless-Steel-455 2369.82 22,087 (110 - 200) 34.00 78.21
Composite, 1-rim T300-BSLI14C 786.48 28,388 (110 - 200) 6.83 216.65
Composite, 1-rim Kevlard9-Epoxy 885.49 31,970 (110 - 200) 6.06 164.37
Composite, 1-rim E-Glass-Epoxy 1060.36 28,565 (110 - 200) 9.09 170.31
Composite, 1-rim $2-Glass-Epoxy 1355.19 32,958 (110 - 200) 8.73 269.97
Composite, 1-rim AS4-3501-6 1360.29 (110 - 200) 6.97 185.68
Composite, 1-rim T300-PR319 1403.14 37,877 (110 - 200) 6.84 217.12
Composite, 1-rim AS4-8552 2404.63 49,343 (110 - 200) 6.91 184.54
Composite, 1-rim IM7-8551-7 2452.16 49,883 (110 - 200) 6.89 246.78
Composite, 1-rim IM7-8552 3150.50 56,292 (110 - 200) 6.96 248.98
Composite, 2-rim EGlass-Epoxy, IM7-8551-7 3154.54 56,263 (110 - 119.32 - 200) 7.06 240.92
Composite, 2-rim EGlass-Epoxy, AS4-8552 3224.14 56,740 (110 - 120.48 - 200) 7.10 183.31
Composite, 2-rim Kevlard9-Epoxy, T300-BSLI14C 2213.79 48,459 (110 - 155.64 - 200) 6.49 193.93
Composite, 2-rim Kevlar49-Epoxy, AS4-3501-6 2532.95 51,162 (110 - 146.72 - 200) 6.66 178.48
Composite, 2-rim Kevlar49-Epoxy, IM7-8551-7 3716.71 61,814 (110 - 134.25 - 200) 6.72 229.28
Composite, 2-rim S2-Glass-Epoxy, AS4-3501-6 2798.60 52,233 (110 - 133.60 - 200) 7.33 203.05
Composite, 2-rim $2-Glass-Epoxy, IM7-8552 4072.10 63,650 (110 - 120.22 - 200) 7.11 250.75
Composite, 2-rim AS4-8552, IMT7-8551-7 3302.65 57,882 (110 - 137.42 - 200) 6.90 231.64
Composite, 2-rim T300-BSLY14C, T300-PR319 1738.68 42,169 (110 - 134.62 - 200) 6.84 217.01
Hybrid, 2-rim Al-6061-T6, Kevlar49-Epoxy 441.64 17,006 (110 - 190 - 200) 11.06 46.47
Hybrid, 2-rim Al-2024, TM7-8552 719.87 21,325 (110 - 190 - 200) 11.41 74.90
Hybrid, 2-rim Steel-4340, IM7-8552 760.70 13,598 (110 - 190 - 200) 30.56 64.39
Hybrid, 2-rim Stainless: -15-7, T300-PR319 1153.48 16,937 (110 - 190 - 200) 29.87 108.13
Hybrid, 2-rim Stainless-Steel-440C, Kevlar49-Epoxy 1804.94 21,208 (110 - 190 - 200) 29.87 59.55
Hybrid, 2-rim Stainless-Steel-455, Kevlar49-Epoxy 2188.32 23,265 (110 - 190 - 200) 30.10 90.26
Hybrid, 2-rim Stainless: -455, IM7-8552 2274.63 23,644 (110 - 190 - 200) 30.22 102.08

2. The kinetic energy of composite flywheels could be increased by using 2
press-fit composite rims instead of 1. The rims were chosen in increasing
order of stiffness along the radius. This method allowed the kinetic energy
to increase by upto 150%, accompanied by an increase in the operating
speed. A similar study was conducted by Ha et al. [26], where Graphite/E-
poxy rotors with 1 to 5 rims were optimized by varying the thickness and
interference of the press-fit rims. It was found that increasing the number
of rims from 1 to 2 could increase the specific energy of the rotor by 145%.

3. The use of 2 press-fit metal rims resulted in a trivial 1-rim solution.
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4. The use of more than 2 composite-rim rotors could further improve the

kinetic energy, but the increase was not large enough to justify the use of

multiple rims, which would need a more complex manufacturing process.

. All the above designs used a constant height rotor, corresponding to a

shape factor of 0.5. Practically, metal flywheels can be fabricated with
better shape factors, and thus, can store more kinetic energy than pro-
jected in these simulation results. Thus the use of rotor shape and topology

as a design variable needs to be explored.

. Burst failure is one of the main causes of concern while using metal fly-

wheels, which fail in few, large fragments, whereas; composites fail either
by delamination or due to the fibers breaking into small fragments [I§].
Thus, the containment structure for composite flywheels must be designed
to avoid fragment penetration, whereas, that of metal flywheels must re-
strict the forces or moments of the flywheel fragments from being trans-
ferred outside. To address the concern of burst safety, a hybrid metal-
composite press-fit rotor was also optimized in this study. The outer com-
posite rim had a fixed thickness of 10 mm, and was primarily for safety.
The flywheel was then optimized, by allowing the rpm of the rotor to vary.
It was found that the kinetic energy was nearly the same as that of 1-rim
metal flywheels, with a marginal increase in the cost and operating speeds.
These hybrid flywheels also provide an opportunity to optimize the shape
of the inner metallic rim, which could further increase the kinetic energy

and reduce the mass and the cost of the rotor.

4.2. Optimal flywheels using maximum specific energy criterion

The specific energy of the flywheel was maximized, and a comparison of the

15 performance of various rotor designs is presented in Figures[6]and [7] The mate-

rial failure constraint is a binding constraint in all the optimal designs. However,
in some 2-rim rotor designs, the rim-detachment constraint also becomes a bind-
ing constraint. Some optimal 2 rim composite rotors where the rim-detachment

is a binding constraint are Kevlar49-Epoxy/AS4-3501-6, AS4-8552/IM7-8551-7
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and T300-BSL914C/T300-PR319.
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Figure 6: Comparison of Kinetic Energy and Specific Energy of a) Metal, b)Composite rotor

materials
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Figure 7: Comparison of kinetic energy and specific energy of optimal 2-rim and 1-rim rotors

The following observations can be made from the study:

1. The average specific energy of optimal 1-rim composite flywheels was 5-6
times that of optimal 1-rim metal flywheels.

2. The specific energy of rotors made from isotropic metals was in the range
6-19 Wh/kg, and that of composite rotors was in the range 32-126 Wh/kg.
The specific energy of composite flywheels was significantly lower than the

theoretical maximum specific energy of the materials previously reported

20



410

415

420

425

in literature. For example, Genta [I8] reported the specific strengths of
Aluminium Alloy 2024 and unidirectional Kevlar composite as 46 and 240
Wh/kg respectively. Assuming a shape factor of 0.303 corresponding to
an annular constant thickness disc, the flywheels made from these mate-
rials would have theoretical specific energies of 13.938 and 72.72 Wh/kg
respectively. The corresponding optimal flywheels using these materials
resulted in specific energies of 14.58 and 37.26 Wh/kg. This justified the
need for an optimization formulation and a rotor model that captures the
physical and material failure constraints on the rotor.

3. The specific energy of composite rotors could be improved by upto 150 %

over 1-rim rotors, by using multiple press-fit rims.

4.3. Optimal flywheels using mazimum energy per cost criterion

The energy-per-cost of the flywheel was maximized and a comparison of the
performance of various rotor designs is presented in Figures[§land[9] The mate-
rial failure constraint is a binding constraint in all the optimal designs. However,
in some 2-rim rotor designs, the rim-detachment constraint also becomes a bind-
ing constraint. Some optimal 2 rim composite rotors where the rim-detachment
is a binding constraint are Kevlar49-Epoxy/AS4-3501-6, AS4-8552/IM7-8551-7
and T300-BSL914C/T300-PR319.
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materials
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Figure 9: Comparison of kinetic energy and energy per cost of optimal 2-rim and 1-rim rotors

The following observations can be made from this study:

1. The average energy-per-cost of optimal 1-rim metal flywheels was 2.7 times
that of optimal 1-rim composite flywheels.

2. The use of 2 press-fit composite rims increased the energy-per-cost of the
composite rotor, but not enough to be competitive with high strength

1-rim metal rotors of the same dimensions.

5. Conclusions

This article optimized 1-rim and 2-rim flywheel rotors made of various metal
and composite materials to determine the optimal rotor material. It was found
that the choice of optimal material depended on the performance criterion being
used. Composite rotors performed better in terms of specific energy, whereas
metal rotors had a better energy per cost. The total kinetic energy of both com-
posite and metal rotors of a constant thickness were comparable. It was also
shown that the specific energy of the composite rotors was significantly lower
than the theoretical specific energy of the rotor materials, which only used
uniaxial material failure considerations. Thus, the significance of multiaxial
material failure and other physical constraints was established. The optimiza-

tion model allowed us to apply constraints on the radial displacement, as well
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as direction-dependent failure modes, which limited the practically achievable
specific energy of orthotropic materials such as composites used to construct

flywheel rotors.

The means of improving the performance of the flywheels were studied, and
it was shown that press-fitted multi-rim composite rotors with specific material
sequences could outperform single rim composite and metal flywheels, in terms
of total energy or specific energy. However, when energy-per-cost was used as
the performance criterion, 2-rim rotors offered no significant advantage over 1-
rim rotors. Further improvements in the performance of metal flywheels can be
achieved by optimizing the stress distributions, using variations in the shape or
topology of the rotor; however, this analysis would need a 2D or 3D numerical

rotor model.
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Appendix A. Material Properties

The material properties of the metals and composites used in the flywheel

rotors designed in this study can be found in Tables and
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Table A.5: Isotropic material properties [27]

Material E G v p Yield Strength | relative cost
GPa  GPa g/em? MPa /kg
Al-2024 73.1 271 | 0.332 | 2.77 417.8 3.84
Al-6061-T6 69.6 263 | 0.331 | 2.71 275 2.30
Al-7075-T6 71.8 26.8 | 0.33 2.79 465 3.07
Steel-4340 205.0 76.5 | 0.29 7.85 470 1.0
Steel-18Ni-300 190.0 66.3 | 0.318 | 8.04 758 1.53
Stainless-Steel-15-7 | 201.0 77.9 | 0.32 7.67 745 2.69
Stainless-Steel-440C | 203.0 93.1 | 0.284 7.7 1220 1.26
Stainless-Steel-455 1979 758 | 0.3 7.76 1489 2.30
Carbon-Steel-1020 206.2 80.0 | 0.288 | 7.84 429.6 1.76

Table A.6: Composite material properties [25]

It

Material Vi | Eo E,  Gor Gr. | vor Vi p o't oyt ot oMb Tplt | relative cost
GPa GPa GPa GPa g/em® | MPa MPa MPa MPa MPa /kg
AS4-3501-6 0.6 | 127 1115 655 3.64 | 027 0.53 | 1.591 | 1950 1480 48 200 79 26.63
AS4-8552 0.58 | 135.1 9.63 4.95 3.35 | 0.30 043 | 1577 | 2206 1531 80  259.9 1145 26.69
E-Glass Epoxy | 0.45 | 44.81 1241 551 3.59 | 0.28 0.36 | 2.076 | 1035 620 48 137.8 689 18.72
IM7-8551-7 0.6 | 1658 856 559 294|027 046 | 1.574 | 2560 1590 73 185 90 35.77
IM7-8552 0.57 | 139.7 11.39 475 3.89 | 0.32 046 | 1.588 | 2723 1689 111 2159 119.9 35.77
Kevlar-49 Epoxy | 0.45 | 75.84 551 2.06 1.54 | 0.34 047 | 1.384 | 1378 275 29 137.8 62 27.10
S-2 Glass Epoxy | 0.45 | 55.84 17.92 6.20 3.89 | 0.27 0.35 | 1.993 | 1999 965 62 155 93 30.91
T300-BSL914C | 0.6 | 1381 11 543 3.57 [ 0.28 0.54 | 1.559 | 1500 900 27 200  80.0 31.71
T300-PR319 0.6 | 1289 5706 1.33 1.84 | 0.32 0.55 | 1.562 | 1378 950 40 125 97 31.71
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