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Abstract High efficient and safe flywheels are an interesting technology for decentralized
energy storage. To ensure all safety aspects, a static test method for a controlled initia-
tion of a burst event for composite flywheel rotors is presented with nearly the same stress
distribution as in the dynamic case, rotating with maximum speed. In addition to failure
prediction using different maximum stress criteria and a safety factor, a set of tensile and
compressive tests is carried out to identify the parameters of the used carbon fiber reinforced
plastics (CFRP) material. The static finite element (FE) simulation results of the flywheel
static burst test (FSBT) compare well to the quasistatic FE-simulation results of the fly-
wheel rotor using inertia loads. Furthermore, it is demonstrated that the presented method
is a very good controllable and observable possibility to test a high speed flywheel energy
storage system (FESS) rotor in a static way. Thereby, a much more expensive and dangerous
dynamic spin up test with possible uncertainties can be substituted.

Keywords Flywheel energy storage systems · Polymer-matrix composites · Finite element
analysis · Filament winding

1 Introduction

Flywheel energy storage systems (FESS) represent an ecologically and economically sus-
tainable technology for decentralized energy storage. Long life cycles without performance
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degradation depending on depth of discharge (DoD) and a minimum of systematic mainte-
nance are key advantages of this technology. Thereby, we have developed a new flywheel
rotor geometry utilizing very high energy density along with the required manufacturing
technology. To achieve high energy densities, the rotor of FESS are usually manufactured
of fiber reinforced plastics (FRP) by the filament winding process. Especially carbon fiber
reinforced plastics (CFRP) show a high specific strength ratio, which enable tip speeds up
to 1000 m/s. These high rotational speeds cause high kinetic energy and so fragments of the
rotor can do serious damage to structures and people in case of a burst event. To compensate
for possible unknowns, e.g. the real fiber volume fraction or manufacturing imperfections
due to the filament winding process a safety factor for calculation is usually used. The goal
is to reduce this safety factor and use the full capability of the material to maximize the
energy density as well as the energy efficiency of the FESS.

Hence, a burst test under controlled conditions is necessary to ensure a safe operation. A
standard procedure to test the composite part of a rotor is a dynamic spin up under operating
conditions till a burst event occurs. On one hand this causes immense costs for testing and
on the other hand it is critical with regards to safety. Therefore, other methods for the burst
test have been developed. In [1, 2], the composite rotor is mounted in a proper spin test
system. The one-sided bearing can be disadvantageous in case of large rotors because of the
changed rotordynamic behaviour and possible unbalance forces during spin up. A similar
setup is used to test disk and cylinder like composite rotors [3–5]. In [6, 7] a test method
for the evaluation of CFRP materials is described. In both setups an elastic-plastic hub is
used to drive the CFRP rotor to the burst event. A main disadvantage of a dynamic spin test
is the reduced controllability and observability of the burst event compared to a static burst
test. The major challenge of static testing is the application of loads sufficiently similar to
inertia loads arising due to the rotation which is typically not possible. A test to burst hoop
filament wounded rings is presented in [8–10]. Similar tests to burst hoop wounded and
angle ply tubes are shown in [11–14]. These hydroburst test methods use pressure applied
by temperature rise or explosive charge on the inside to expand and thereby burst the rings
or tubes.

The special patented geometry [15, 16] of the CFRP hoop wound rotor is shown in
Fig. 1. The shape of the CFRP rotor is a result of a two-step energy density optimization.
In the first step a genetic algorithm is used to find the optimum shape of the flywheel rotor.
Based on these results characteristic parameters are derived and a combined strength safety
factor and rotordynamic optimization is carried out in the second step. The stress state of
this FESS rotor is a linear combination of the thermal press-fitting process and the inertial
load due to rotation. With a safety margin of two, an energy density of 29 Wh/kg at a rotor
speed of 17000 rpm can be reached with this setup, compared to 16Wh/kg for a conven-
tional H-shaped rotor geometry or 18Wh/kg for a press-fitted multi-ring assembly [17] with
rectangular cross-section in combination with a CFRP hollow shaft [18]. The challenges
of a flywheel static burst test (FSBT) are to achieve at an identical failure point, quanti-
tatively identical stress state and deformation equivalence compared to the dynamic burst
test.

Within the presented paper a FSBT method for composite FESS rotors is presented. This
method is a safe alternative to a dynamic spin test, and because of the quasistatic loading
the burst event is better observable. Another advantage is the better possibility to analyze
the burst fragments, e.g. by a scanning electron microscope (SEM). Thereby, many different
approaches have been analyzed through static finite element (FE) simulation compared with



Appl Compos Mater (2016) 23:271–288 273

Fig. 1 7 kWh FESS: a Flywheel test rig [19]; b Geometry of a 7 kWh flywheel rotor consisting of the CFRP
rotor mass, shaft (aluminium), bearing and motor components (soft magnetic iron) and a steel cylinder to
optimize the press-fitting process; dimensions in mm

a previously optimized flywheel geometry as a starting point for dynamic FE-simulation at
full speed of the rotor. Furthermore, the material parameter of the used CFRP have been
identified to perform correct FE-simulations.

The rest of the paper is organized as follows. In Section 2.1 we present our new approach
for the static burst test. The material parameter identification is shown in Section 2.2.
The composite modeling and the FE-models are explained in Section 2.3. In Section 2.4
the simulation results are shown. In Section 2.5 the experimental setup is described, fol-
lowed by a detailed discussion of the achieved results in Section 3. The paper closes with
a conclusion.

2 Materials and Methods

2.1 A New Static Burst Test Approach

The developed flywheel static burst test (FSBT) uses the CFRP rotor of the optimized 7 kWh
FESS rotor, as shown in Fig. 1b to test exactly the same geometry in a static way. There-
fore specially designed load transfer elements that are optimized for maximum stiffness in
pulling direction are used. This optimization was carried out by using the solid isotropic
material with penalisation (SIMP) method. On one rotor side a cutout has been made for
force application by the load transfer elements. The equivalent cutted CFRP rotor and the
two load transfer elements are shown in Fig. 2.
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Fig. 2 FSBT geometry consisting of the load transfer elements (steel) and the CFRP rotor; dimensions in
mm

To reduce the required pulling force, e.g. provided by a tensile test machine, an isotropic
geometry scaling factor of χ = 0.4 for the CFRP rotor is used. Therefore, a 250 kN univer-
sal tensile test machine can be used to burst the CFRP rotor. A difference to the dynamic
case is the absence of the whole shaft and steel components. This can influence the results,
but as prestressing due to thermal press-fitting increases ultimate strength [20], the FSBT
is a more conservative test method. For calculation of the stress state and deformations the
finite element software COMSOL was used. The postprocessing such as determination of
the failure criteria, was done using MATLAB.

2.2 Material Parameter Identification

At the beginning, a broad range of different fiber/matrix combinations has been tested in
a nondestructive way [21] to determine the in-plane stiffness behavior of the used unidi-
rectional CFRP. Out of these results the combination T800H/LY1564/3487 was selected
as rotor material due to the low stiffness transverse to the fiber direction, that leads to a
reduced stress distribution in radial direction of the rotor during operation. To get the CFRP
material data, tensile test specimen were produced using the same manufacturing process
as for the flywheel rotor applying wet winding technique with the material and process
parameters given in Table 1. The material parameters were measured by a set of tensile-
/compressive tests on flatcoupon [22–25], cylindric and ring specimen, see Fig. 3. The
measured parameters are summarized in Table 2.
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Table 1 Material and process parameters of fiber and resin

TORAY Torayca T800H HUNTSMAN Araldite LY1564/Aradur 3487

Fiber Resin

Tensile strength, MPa 5490 76

Tensile modulus, GPa 294 3.1

Elongation at break, % 1.9 4.9

Density, kg/m3 1810 1100

Filament diameter, μm 5 −
Tow size 12K −
Tex 445 −
Curing schedule 1st: 2h/80 ◦C, 2nd: 6h/120 ◦C, 3rd: 1h/60 ◦C

2.3 Modeling

2.3.1 Composite Modeling

In the following simulations a hoop wound structure using a filament winding process with
a fiber angle of 90◦ between the fibers and the axis of rotation is assumed. Hence, the
stiffness tensor E and its entries, given in Eqs. 1, 2 and 3, can be expressed by use of five
independent constants, given and described in Table 2.

E =

⎡
⎢⎢⎢⎢⎢⎢⎣

Eϕϕ Eϕr Eϕz 0 0 0
Err Erz 0 0 0

Ezz 0 0 0
Gϕr 0 0

sym. Gϕr 0
Grz

⎤
⎥⎥⎥⎥⎥⎥⎦

(1)

� = 1 − 2νϕrνrϕ − 2νrϕνrzνϕr − ν2rz

EϕE2
r

(2)

Grz = Er

2(1+νrz)
,

νij

Ei
= νji

Ej
, i, j = ϕ, r, z,

Eϕϕ = 1−ν2rz
E2

r �
, Eϕr = νrϕ+νrϕνrz

E2
r �

,

Err = 1−νϕr νrϕ

EϕEr�
, Erz = νrz+νϕr νrϕ

EϕEr�
,

Ezz = 1−νϕr νrϕ

EϕEr�
, Eϕz = νrϕ+νrϕνrz

E2
r �

.

(3)

2.3.2 Failure Criteria for Composite Laminates and Safety Factor

To investigate the failure of the presented models, several failure criteria have been used.
For simple evaluating of material failure the maximum stress criteria expressed in Eq. 4
can be applied. Once the normal stress in principal material directions (radial, hoop, rz-
plane) reach their corresponding maximum strengths (Yt , Xt , S23), material failure can be
expected.

σr

Yt

≥ 1,
σϕ

Xt

≥ 1,
σrz

S23
≥ 1 . (4)
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Fig. 3 Testing T800H/LY1564/3487: a Tensile-/compressive test in fiber direction; b Tensile-/compressive
test transverse to fiber direction; c Tensile test in axial direction on cylindric specimen; d Tensile test in hoop
direction on ring specimen
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Table 2 Measured material data for T800H/LY1564/3487 specimens with a fiber volume fraction of 60 %
and metal material data used for simulation

T800H/LY1564/3487

Elastic modulus radial r, GPa Er 7.8

Elastic modulus hoop ϕ, GPa Eϕ 139

Elastic modulus axial z, GPa Ez 7.8

Poissons ratio νϕr 0.41

Poissons ratio νzr 0.38

Shear modulus ϕr , GPa Gϕr 3.4

Tensile strength ϕ, MPa Xt 1815

Compressive strength ϕ, MPa Xc 650

Tensile strength r, z, MPa Yt , Zt 24

Compressive strength r, z, MPa Yc, Zc 113

Shear strength ϕr , MPa S12 57

Shear strength ϕz, MPa S13 57

Shear strength rz, MPa S23 14

Steel

Elastic modulus, GPa ESt 210

Poissons ratio νSt 0.3

Von mises strength, MPa σV,St 690

Aluminium

Elastic modulus, GPa EAl 70

Poissons ratio νAl 0.3

Von mises strength, MPa σV,Al 500

This criterion does not consider interactions between the stress components of the given
stress state. For a more reliable failure estimation with consideration of the inter-stress
effect, the generalized quadratic Tsai-Wu criterion [26] was considered, which reads as

F
T
σ + σ T F̃σ ≥ 1 . (5)

The stress state vector σ and F , F̃ the second and fourth order tensor of the strength
parameters out of Table 2 are given as follows

σ =

⎡
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The safety factor S is introduced as a proportional factor as follows

σ ∗ = Sσ . (9)

Thereby, S links the actual stress state σ and the stress state σ ∗ that causes material fail-
ure. Combining (5) and (9) and defining σ ∗ = σ results in a quadratic equation with the
following (positive) solution for the safety factor

S = −F
T
σ +

√
(F

T
σ )2 + 4σ T F̃σ

2σ T F̃σ
. (10)

A safety factor of S ≤ 1 indicates material failure. In this study the maximum stress criteria
and the inverse safety factor are used to study the burst event and the failure mode.

2.3.3 FE-models

The axisymmetric geometry of the nonlinear dynamic model of the rotor is discretized by
quadrilateral finite elements with bilinear basis functions and using the rϕ- symmetry plane
as roller boundary condition, see Fig. 4a. The CFRP rotor is assumed to be transversely
isotropic in hoop direction. In Table 2 the used material parameters for the CFRP rotor and
the shaft components are summarized. The stress state of this FESS was calculated in two
steps. In the first step the thermal shrink fit of the shaft onto the rotor and in the second step
the inertial loads due to rotation was computed.

For static FE-simulation of the FSBT, a 3-dimensional model of the isotropic scaled
(χ = 0.4) CFRP rotor (see Fig. 1b) using two symmetry planes as roller boundary condition
to reduce simulation effort has been used. The model is discretized by quadratic tetragonal
finite elements (see Fig. 4c) and the CFRP rotor is assumed to be transversely isotropic
in hoop direction. The material parameters for the scaled CFRP rotor and load transfer
elements made of steel are given in Table 2. Modeling of the contact between the load
transfer elements and the rotor was neglected, as the observed failure point is far away from
the contact area and therefore has minimal influence and so a linear simulation has been
performed.

For both models a mesh convergence study has been performed to check for the influence
of mesh type and size onto the Tsai-Wu criterion in the predicted failure point.

2.4 Simulation Results

2.4.1 Stress Distribution in the 7 kWh FESS Rotor

The dynamic simulation results of the 7 kWh FESS rotor without considering the shaft
region are shown in Fig. 4a. The minimum safety factor (S = 1) appears on the inner
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radius between the shaft interface and the cantilever part of the CFRP rotor at a radial
position of r = 69mm. The analysis of the maximum stress criterion along the dashed line
illustrates that the radial stress σr is the critical factor. A failure occurs when the rotor speed
is increased over the value which leads to a safety factor of S = 1. This happens at a rotor

a b

c d

Fig. 4 Simulation results: a 7 kWh FESS rotor, safety factor S evaluated at ω = 2590 s−1; b 7 kWh FESS
rotor, normalized stresses and inverse safety factor evaluated at ω = 2590 s−1 on the upper boundary of the
CFRP rotor, ra = 400mm; c FSBT, safety factor S evaluated at F = 43 kN; d FSBT, normalized stresses
and inverse safety factor evaluated for F = 43kN on the upper boundary of the CFRP rotor, ra = 160mm.
Safety factors calculated based on Eq. 10
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a

bb

c

b

Fig. 5 Fabrication of the test specimen: a aluminum mandrel; b finished winding operation; c turned and
milled specimen

speed of ω = 2590 s−1, where the radial stress σr is equal to the maximum tensile strength
Yt , see Fig. 4b.

2.4.2 Stress Distribution in FSBT

The FSBT simulation results are depicted in Fig. 4c. The minimum safety factor S = 1 can
be found on the inner radius of the contour located at the used symmetry plane. The radial
position is r = 67mm. If the load is increased above 43 kN, a failure occurs due to the
radial stress σr that reaches the maximum tensile strength Yt , see Fig. 4d.

2.4.3 Comparison of 7 kWh FESS Rotor and FSBT Results

The results of the static and dynamic simulation show very good agreement, as shown in
Fig. 4b and 4d. The position, where the failure occurs, is nearly identical. The inverse safety
factor shows one big difference at increasing radius. As one can see in Fig. 4b, the curve is
rising but is still lower than at the predicted failure point. The analysis shows that the safety
factor can mainly be approximated by the combination of the radial- and hoop maximum
stress criteria.

2.5 Experimental Setup

2.5.1 Specimen Fabrication

The hoop wound specimen of the flywheel rotor was produced using the same wet winding
technique with the same process parameters as for material identification, given in Table 1.
Winding was done using an aluminum mandrel that has been machined to get the inner
rotor contour. The specimen together with the mandrel were then placed into a temperature-
controlled oven for curing. After curing and before removing the specimen from the mandrel
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the outer contour has been machined. Afterwards, the specimen was cut through on one side
to serve space for the load transfer elements, see Fig. 5. The load transfer elements were
cutted out of steel plates using a waterjet and then welded together to achieve the required
width of 300mm.

2.5.2 Test Procedure

For tensile testing a Zwick Z250 Universal Testing System with a load capacity of 250 kN
was used. The specimen was placed between the two well centered load transfer elements,
see Fig. 6. During the tensile test, the test speed of the testing machine was kept constant
at a level of 1mm/min and the load and strain data were measured until failure of the
specimen.

2.5.3 Strain Measurement

The strains in radial-, hoop- and axial direction where measured by strain gauges on one side
of the specimen direct at the location of the predicted failure point and optically by digital
image correlation using a region of about 50mm×30mm centered around the failure point

Fig. 6 Test machine setup; Zwick Z250 Universal Testing System, load transfer elements and the scaled
CFRP rotor
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on the other side of the specimen. Electrical and optical measurements were synchronized
by measuring the crosshead travel of the testing machine.

Strain Gauge Measurement The used Hottinger Baldwin Messtechnik (HBM) strain
gauge was directly applied at the predicted failure point, see Fig. 7. To measure the correct
strain in radial- and hoop direction a strain gauge (rectangular rosette) with three mea-
surement grids in 0◦/45◦/90◦ alignment, each in quarter bridge operation mode, was used.
By combination of the three results the main strain direction and magnitude were calcu-
lated. The axial strain could not be measured at the failure point. Instead, the strain gauge
was applied to the closest point on the innerst radius, as the simulation showed no differ-
ence between the analysis results of those two points. For data acquisition a HBM Spider8
amplifier and the HBM Catman� 3.0 software were used.

Optical Strain Measurement Digital image correlation (DIC) was used to perform a
non-contact deformation measurement. The DIC software used in this experimental work
was the ARAMIS DIC system, developed by Gesellschaft für optischeMesstechnik (GOM),
see Fig. 8. By use of a synchronized stereo camera system and a white colored stochastic

Fig. 7 Three channel strain gauge at the predicted failure point to measure radial- and hoop strain, strain
gauge on the inner radius to measure the axial strain
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Fig. 8 GOM ARAMIS measurement setup, synchronized stereo cameras facing one specimen failure
surface

pattern painted on the specimen it was possible to measure the deformation field in three
dimensions after calibration.

3 Results and Discussion

3.1 Maximum Load and Strain Measurement

The result of the load measurement is depicted in Fig. 9. As can be seen, the curve is
nonlinear with respect to the crosshead travel of the machine at the first 20 %. The system
gets linear at an applied load of 10 kN. The maximum load until failure occurs is about
45 kN. Figure 9 shows the measured signals of the strain gauges. The radial strain reaches a
maximum of 1.61%. The hoop and axial strain reaches a magnitude of 0.13% and−0.37%,
respectively. Then the radial failure occurs and splits the strain gauge, which is an indicator
for a good failure point prediction. The optical strain measurement result for the expected
failure point on the other specimen side can be seen in Fig. 10.

The absolute difference between the two measurement methods for hoop strains is about
0.2 % and 0.07 %. The optical measurement results of the observed area are depicted in
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Fig. 9 Strain gauge measurement: strains in axial-, radial- and hoop direction and applied force as a function
of the crosshead travel of the testing machine

Fig. 11. The images shown were taken directly before and directly after the critical load has
been reached. This enables a perfect visualization of the crack that splits the rotor into two
pieces. As can be seen, the crack occurs in the predicted area because of radial failure of the
specimen.

Fig. 10 Optically and strain gauge measured strains in radial and hoop direction as a function of the
crosshead travel of the testing machine
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a b

c d

Fig. 11 Optical strain measurement results: a radial direction, one time step before burst occurs; b radial
direction, after failure at F = 45 kN; c hoop direction, one time step before burst occurs; d hoop direction,
after failure at F = 45 kN

3.2 Observation of the Failure Surface

Due to the fact that the carbon fiber/matrix interaction has a strong effect on strength, scan-
ning electron microscope (SEM) observations of the interphase regions of the described
CFRP system after the burst test were done, see Fig. 12. Thereby, a slice of 10mm thick-
ness was cut out of the failure region of the specimen. In some areas the resin fiber bond
is rather weak, resulting in interface cracks. For these structures possible uncertainties like
residual stresses [27] or imperfections on the surface [28] due to the manufacturing process

Fig. 12 Scanning electron microscope (SEM) results of the failure surface (magnification range: 100× to
4000×)
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can be the reason. This causes a major decrease in radial direction strength and should be
considered when choosing the fiber/matrix combination. The difference between weak and
strong interfacial behavior was studied in [29–31].

3.3 FSBT compared to Simulation Results

The presented simulation result for the FSBT show a maximum load of F = 43 kN (see
Section 2.4). The simulation was performed neglecting the contact between the load transfer
elements and the scaled CFRP rotor. This does not affect the result in the failure point but
the observed elastic deformation of the load transfer elements during the experiment showed
a major difference compared to the simulation. The simulation showed no movement of the
whole assembly transverse to the pulling direction that is caused by a stick-slip effect in
the contact area and the low stiffness of the clamping unit compared to perfect boundary
conditions in the simulation. In fact, the simulation result shows a lower maximum load of
F = 43 kN that is in very good coincidence with the FSBT test procedure, where the rotor
cracked at F = 45 kN. Furthermore, the failure point of simulation and experimental result
show very good agreement.

4 Conclusion

In this paper a flywheel static burst test (FSBT) to burst a carbon fiber reinforced plas-
tic (CFRP) flywheel rotor with nearly the same stress distribution as in the dynamic case
rotating with maximum speed is presented. Failure prediction was done using different max-
imum stress criteria and a safety factor calculated using the Tsai-Wu criterion. Dynamic
simulation results of a 7 kWh FESS rotor and static simulation results of the FSBT are in
very good agreement including the failure point as well as the stress distribution and the
maximum load. To identify the parameters of the used CFRP-material, a set of tensile tests
has been carried out.

Furthermore, the test procedure has been proved experimentally utilizing a universal
testing machine and a scaled flywheel rotor. The experiment proves the static simulation
of the FSBT. Furthermore, the quasistatic FE-simulation results of the flywheel rotor using
inertia loads compare well to the experimental data of the static burst test. The assumption
of a linear system agrees very well with the measurement results. Also the importance of the
radial strength of the used material, especially for thick-walled rotor geometries is shown,
which is of major relevance for choosing the correct material and rotor geometry. Hence, the
presented test method is a very good controllable and observable possibility to test a high
speed FESS rotor in a static way instead of a much more expensive and dangerous dynamic
spin up test.
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