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EXECUTIVE SUMMARY

Flywheel energy storage is being considered for use in a variety of electric utility
applications and for use in electric vehicles and hybrid electric vehicles. Flywheels offer excellent
high power performance characteristics, and their use as a peak power unit in hybrid electric
vehicles takes advantage of these characteristics. A number of flywheel programs are being funded
by the Department of Energy (DOE), the Advanced Research Projects Agency (ARPA), the U.S.
big three automakers, and by private investment.

A key technical issue associated with the implementation of flywheel technology is the
development of effective, light-weight, low-cost containment systems. Development of effective
containment systems is a process that requires extensive experimental testing to verify the analytical
predictions. This lab directed project provides an evaluation and analysis of the fundamental loads
produced in the failure of a high-speed composite flywheel rotor and considers some of the design
features of the required containment system. It is recognized that the probability of a rotor burst
failure depends highly on the design of the rotor and also the design of the overall system,
including bearings, motor/generator, and other design features. The probability of failure will
depend also on the operating environment (shock loads, temperatures, etc.). It is also recognized
that the nature of the failure and the resulting loads is highly dependent on rotor design (control of
critical stress regions) and operating parameters (stress margins). This project seeks to establish
fundamental understanding of basic principles which can be used in the design and evaluation of
any new flywheel configuration.

A key result of this project was an improved understanding and documentation of the
results of the Oak Ridge National Laboratory (ORNL) Demo 1C flywheel test, which was
performed in 1985. Detailed investigation and evaluation of the damage to the spin tank with
corresponding analytical explanations are provided in this report. An analysis of the physics of
failure of a flywheel rim is provided. A simple method of estimating the required containment is
also suggested. Finally, some of the basic limitations on the geometry of the flywheel containment
are evaluated with respect to assembly methods, and a conceptual layout of a composite reinforced
containment housing is provided. As the result of the analysis, several key conclusions are

‘reached. The basic information provided should be useful in supporting the design and fabrication
of actual containment housings and in understanding the expernimental test results. This project
was initiated in April 1995 with a completion date of October 31, 1995.

In August 1995, an accident involving a flywheel containment test occurred in Europe and
resulted in the death of one of the operators. The accident heightened awareness of the seriousness
of safety and containment for flywheels. DOE is initiating a new program in FY 1996 to
investigate flywheel safety and containment, with work to be done at ORNL and Lawrence
Livermore National Laboratory (LLNL). The program will be coordinated with flywheel
development work being done at ARPA contractors.




1. SUMMARY

Laboratory-Directed funds were provided in FY 1995 for research to develop flywheel
containment specifications and to consider concepts that could satisfy these specifications and
produce a prototype small, lightweight, inexpensive, mobile flywheel containment. Research
activites have included an analytical and pictorial review of the Demo 1C flywheel failure test,
which provided significant insight about radial and axial failure modes; calculations of the
thickness of ultra-conservative pressure vessel containment; entertainment of advanced containment
concepts using lightweight materials and armor literature; consideration of fabrication assembly
procedures; and participation in a Flywheel Energy Storage Workshop during which additional
flywheel failure experiences were discussed. Based on these activities, calculations, and results, a
list of conclusions concerning flywheel containment and its relation to the flywheel are presented
followed by recommendations for further research.

2. BACKGROUND

The importance of flywheel energy storage (FES) is increasing with the discovery of better
materials and new technologies. FES may be used for a range of energy storage applications from
leveling a utility company’s electric power to extending the range of an automaobile. By far, the
most challenging is the mobile automobile application.

Three technologies are considered enabling for the mobile FES. They are (1) electronic
systems capable of transferring power back and forth between the flywheel and the electric motor,
(2) magnetic or mechanical bearing systems that can operate at the rotational speeds desired and
that have acceptable lifetimes, and (3) safety and containment. This paper is concerned with
mobile flywheel containment systems. To be useful in the Partnership for a New Generation of
Vehicles (PNGY) the containment must be small, light, inexpensive, and safe. The chance for
success is increased if advanced composite materials are used, but that tends to increase the cost.
Tradeoff studies are essential, but will only be effective if specifications without excessive safety
factors may be determined.

Much of the past flywheel research has involved understanding and controlling the energy
released during failure of rotating components (1-10). Past testing has indicated the necessity of a
rugged containment system. Rotatable inner liners have been used to absorb the kinetic energy.

3. INTRODUCTION

The objective of the project is to propose innovative mobile automotive flywheel
containment concepts in light of ORNL’s broad spin test experience accumulated during 30 years
in DOE’s Uranium Enrichment Programs. A significant test was performed at ORNL on
December 9, 1985, when the Demo 1C flywheel was spun to failure at a rim energy of 1.51 kWh.
This failure occurred at a peripheral velocity of 1405 m/s near the ultimate strength of the rim,
which comprised two concentric circumferentially wound carbon fiber reinforced epoxy rings with
radial thickness of 0.75-in. and axial height of 1.87-in. The outer ring, whose reinforcement was
IM6, had a 27-in. O.D. and the inner ring, whose reinforcement was AS6, had a 24-in. I.D. The
rim was fabricated by six sequential wind-and-cure operations, with each operation adding
approximately 0.25-in. radial thickness. The flywheel system, located in ORNL’s revetment spin
test facility, was doubly contained by a 2-in. thick rotatable steel inner liner inside a 1.5-in. thick
steel vacuum tank. The bottom lid was welded to the vacuum tank. The top lid was bolted to the
vacuum tank with six equiangularly spaced 3/4-in.-dia latch bolts and six 1-1/4-in.-dia SAE
Grade 8 bolts.




The flywheel failure provided information that may be useful for flywheel containment
specifications. The rotatable liner, whose I.D., O.D,, and height were 30 in., 34 in., and 24 in,,
respectively, was broken into 12 fragments, whose fracture surfaces had the appearance of brittle
failure. This fragmentation indicates that the primary stress pulse imposed by the failure fragments
and particles on the rotatable liner exceeded its strength. The brittle fracture surfaces suggest that
this failure was related to strain rate. Fragmentation of a rotatable liner is not acceptable if these
fragments become projectiles. The six latch bolts were permanently deformed with one broken off
its pin and tossed on the floor, and the 1 1/2-in. thick steel lid was deformed into six scallops at
each latch bolt location. There was no failure of any of the larger 1-1/4-in. bolts. These
deformations indicate that a significant axial pressure was generated as the failure fragments and
particles rebounded off the rotatable liner and began secondary collisions with each other. One
approach is to treat the failure fragments as a rotating fluid, which would cause the axial pressure
to occur above and below the outer edge of the rotatable liner. The initial fix (not used in the Demo
1C test) was to place a deflecting flange at the top and bottom of the rotatable liner to direct this
fluid back into the tank before it ever reaches the lid. A more uniform pressure on the lid results if
the failure fragments are treated as elastically colliding particles that have rebounded from the
rotatable ring. If this is the case, the initial fix may require a wider deflecting flange. Appendix A
includes a more detailed discussion of the Demo 1C failure with analysis of the lower bound stress
exerted on the rotatable liner by a disintegrating flywheel.

A three-step procedure will be used to propose innovative mobile automotive flywheel
containment concepts grounded on ORNL'’s past test experience. First, test experience like that of
the Demo 1C failure will be reviewed and used to help synthesize flywheel containment criteria.
Second, the criteria will be attained using the strength of a thick-walled, steel cylinder. Finally, the
specifications will be studied to see if they can be expressed through lightweight armor principles
to provide a mobile containment capable of safely controlling the energy of a nominal 1.5 kW-h
(5.4 MJ) automotive flywheel. Constraining requirements for the automotive containment are that
it be small, light, and inexpensive.

Four of the considerations for designing a containment system are (1) the level of energy
that must be controlled; (2) anticipated failure mechanisms, which depend on the flywheel and their
effects on the containment; (3) available materials; and (4) methods of fabricating the shielding
system. These considerations are discussed in the following sections. '

4. FLYWHEEL ENERGY

Two types of energy are associated with the flywheel. The predominant energy is the
kinetic energy; however, elastic potential energy is also stored because of the circumferential tensile
stress and elongation during operation. The flywheel chosen for the calculations that appear in this
paper consists of concentric cylinders pressed together. Their dimensions are chosen such that
when they reach their intended speed the radial compressive stresses are negligible. The potential
energy for this type of flywheel is easily calculated.

The equation for calculating the kinetic energy of a rotating cylinder is
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K is the kinetic energy, kWh;




p is the density, 1b_/in.3;

g is the gravitational constant, 386 lby, in./lbg s2;
h is the height of the flywheel’s rim, in.;

R; is the inner radius of the flywheel’s rim, in.;

R, is the outer radius of the flywheel’s rim, in.;

o is the angular velocity of the flywheel, rad/s; and
M is the mass of the flywheel’s rim, lby,.

The following calculations show that for a cylindrical flywheel the ratio of potential energy
to kinetic energy for a rotating cylinder is the ratio of the ultimate strength to the elastic modulus.

The equation for elastic potential energy is,
=17 foedt

where P is the clastic potential, in.1by;
G is the circumferential stress in the flywheel, Ibgin.2; and
€ is the circumferential strain in the flywheel, in.fin.

The equations for circurnferential stress and strain are,
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where
r is the radius (in.) of the flywheel at which the stress and strain are desired.

When the integral is taken over the flywheel rim from R; to R, and from 0 to 2x the result is
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Since failure is expected when the peripheral stress equals the ultimate strength of the material from
which the flywheel is constructed, it follows that the maximum value of this ratio occurs when R;

approaches R, (a ring-like rim) and equals
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For materials commonly used in flywheels, the largest value is 0.04 for S-glass/ERL2258
composite. For T1000/ERL2258 the value is 0.017, for IM7/ERL2258 it is 0.016, for
AS6/ER1.2258 it is 0.014, for 300 maraging steel and titanium alloy it is 0.01, and for aluminum it

is 0.007. The conclusion is that the elastic potential energy is only a small percentage of the total
energy.

5. FAILURE MECHANISMS

Spin test experience published by companies, labs, and individuals pﬁnicipating in
development of high-speed rotating components (1-13), data from the Demo 1C failure at ORNL,
and discussions at the Flywheel Energy Storage Workshops held in Oak Ridge, Tennessee, in

1993 and 1995 provided a broad account of the types of failure mechanisms that must be addressed
by designers of flywheel containment.

Though the type of failure mechanism depends mainly upon the flywheel design, other
system components such as the motor/generator or bearing may have to be considered. The
simplest flywheel design comprises a circumferentially wound composite rim mounted on a metal
hub coaxially connected to a motor/generator with a bearing mounted metal shaft. If the bearings
fail, a bumper surface may be used to constrain the shaft and flywheel until the energy is

dissipated. If the shaft fractures, then the flywheel is free to orbit inside the containment and three
severe failure events are possible.

First is the event in which strings of composite material from the flywheel pack between
what remains of the rotating flywheel and the containment wall in such a way that the energy is too
rapidly transferred to the bolts anchoring the containment to the vehicle. Fiberglass reinforced
composites seem to be more prone to produce failure strings, often referred to as fluff. A
commercial engineer said that no two places could be found in today’s vehicles to which large
enough anchor bolts could be secured that would survive such a packing failure. This is a severe
failure mode that can be mitigated by a rotatable liner or by selecting a composite that does not
produce failure strings.

Second is the event in which the metal hub fails and provides fragments that must not be
allowed to breach the containment. It can be shown that a 133" sector of an annular fragment
ejected from a rotating disk has maximum translational kinetic energy (11). This is the basis for
the claim that a tri-hub burst is a worst case situation. Evaluation of the penetrating power of these

fragments is the type of work that has been done in both the Uranium Separation Program and the
Weapons Program at ORNL.

Third is the event in which the flywheel disintegrates into particles that produce a radial
pressure pulse by elastically impacting the containment in the plane of the flywheel and then
produce an axial pressure pulse by rebounding into collisions with outcoming out-of-plane
particles. Recent experience by a flywheel developer with carbon fiber reinforced thermoplastic
flywheels suggests that when this type of flywheel is released at speeds where the circumferential
stress is 1/2 to 3/4 of its failure strength, its outer surface will abraid uniformly as it rubs down
without disintegrating. The Demo 1C, whose rotor was carbon fiber reinforced composite, was

4




intentionally accelerated to ultimate burst failure; it failed at a speed where the circumferential stress
was close to its ultimate strength and while spinning and orbiting in the bumper, sheared off the
arbor and was projected against the wall of the liner where the impact caused it to disintegrate.
There was no evidence of strings but only a layer of carbon dust on the inside of the rotatable liner.

The flywheel’s motor/generator may be an integral part of the flywheel or it may be coupled
to the flywheel through the shaft. If it is an integral part of the flywheel, then it may impose a dead
weight load on the inner surface of the flywheel; this load must be considered as the flywheel is
designed and tested. A shaft-coupled motor/generator may be the source of failure fragments, such
as pieces of magnet, which must be controlled by the containment.

The more complicated polar wound flywheel design has radial fibers in addition to
circumferential fibers. Because of their very high strength along the fibers, radial fibers, or
bundles of radial fibers can act as rod projectiles. During the 1995 Flywheel Energy Storage
Workshop, a representative from SatCon indicated that radial fibers from their record-breaking
flywheel penetrated a 1-in. thick steel liner. This type of failure is similar to failure by penctrating
hub fragments. Again, research in this area is similar to the military’s blast, projectile, and
shrapnel defeating problem. -

The problem of matching radial growth at interfaces of rotating components appeared in an
earlier series of experiments during which a common failure mode was separation of the rotor from
the hub used to drive and support it. The basic physics for this occurs because rotating concentric
rings of the same material grow away from each other as the rotational speed increases. This
behavior is one of the major flywheel design challenges, which is to design for compatible radial
growth at interfaces such as that between the shaft and hub or between the hub and the composite
rim.

Any rotatable liner must resist perforation by fragments and destruction by pressure pulses.
Design against perforation benefits from both tensile strength and shear strength properties of the
liner material. Stage 1 of liner perforation is compression of the liner material over the impact area
and shearing of material at the perimeter of the impact area (11). The shear strength of steel
provides a significant contribution to successful perforation resistance.

max
Cult
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Shear and Tensile PerforationResi stance
of a Plug of Steel to an impact Load




If the ultimate shear strength is half the ultimate strength, then the pressure supported by a
steel liner designed to resist perforation, neglecting strain rate effects, is

T, ot
ult R t
p=—r—(1*%* o8 "

where
R is the inner radius of the liner, in.,
h is the height of the initial impact area, in.,
t is the thickness of the liner, in., and
O, is the tensile strength of the liner, (65 ksi for a typical liner).

The pressure equation may be solved for thickness as

s2eheR
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A methodology for estimating a lower bound of the pressure imposed on the liner by
powder particles released from a flywheel which disintegrates as it impacts the liner (b = 1.5) is
given in Appendix A. Evaluation of Eq. A.16 shows that for Demo 1C a maximum liner impact
pressure occurs in the second quadrant. Forr = 12 in. it is 159 ksi at 107°, forr = 12.75 in. it is
163 ksi at 114°, and for r = 13.5 in. it is 159 ksi at 122°. Furthermore, this pressure is 1.7 times
greater than that produced by a concentric disintegration.

From Eq. 8, a perforation resistant A285 steel liner should have been 3.75-in. thick to
withstand the estimated maximum 163 ksi pressure 114° from the point of impact in the Demo 1C
disintegration at 1405 m/s.

Thicknesses were also calculated for perforation resistant liners of some cylindrical 1.5
kWh flywheels with various radii and lengths at a peripheral velocity of 1200 m/s. For pressures
induced by central bursts, the liner thicknesses varied from 2.6 in. to 4.6 in. These thicknesses
were further multiplied by 1.7 to resist perforation by pressures induced by eccentric bursts.
These thicknesses produce liners that are too heavy for mobile use. Some relaxation of this design
thickness may occur if Hagg and Sankey’s energy equations are used. Their procedure considers
stage 2, which is dissipation of energy by deformation of a plastic hinge on each side of the impact
area. The hinges are three thicknesses long. It is clear that considerable work must be done to

obtain a producible mobile liner that can withstand a radial pressure pulse from an eccentric
disintegration.

The Demo 1C steel liner fractured brittlely into 12 fragments suggesting that there is a
strain-rate dependence of the liner’s response to a pressure pulse. Figure 1 portrays the fragments’
projected onto the unrolled inner surface of the steel liner. A circumferential gouge near the plane
of the flywheel centered on a triangular region burnished by axially moving particles identified the
fragment that probably experienced initial impact. Even though the liner would need to be almost
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twice as thick to withstand the estimated maximum pressure of an eccentric burst using static
material strength properties, the quantitative effect of strain rate effect is unknown. As part of the
containment design effort, the strain-rate must be quantified before design criteria can be
quantitatively applied. Note that the 1.5-in. thick wall of the tank was not damaged despite the
liner being only 53% of the thickness estimated by Eqg. 8.

6. LIGHTWEIGHT MATERIAL AND LAYERING
CONTAINMENT CONCEPTS

There are possible remedies for each failure mechanism. One remedy for mitigating the
effects of a wedge failure is a rotatable liner; however, the liner must not produce additional
fragments as it resists penetration during exposure to flywheel fragments or to a pressure pulse. A
remedy for preventing penetration of fragments from the hub or of bundles of radially oriented
fibers may be selecting softer hub material or configuring the liner as a penetration shield. The
problem of containing fragments and particles from a failed flywheel is analogous to the blast,
projectile, and shrapnel defeating problem presented to the military. The military has two
approaches; the first is to shatter the solid material and spread its energy; the second is to turn the
solid material and spread its energy. Such a configuration might involve layering the liner with
lightweight fiberglass or carbon fiber reinforced composites as a catcher at radii outside of
disrupting layers such as stainless steel reinforced mat material, all outside of an inner cylindrical
layer. Figure 2 depicts a schematic of a two layer example applied to both the rotatable liner and
the outer housing. The material of the inner cylinder could be steel or ceramic depending upon
what is required by analysis and demonstrated by testing. This type of research could benefit from
ORNL’s military shielding research. Activities to design safe containment for mobile hybrid

flywheel systems should include a study of configurations of new lightweight composite matenals
and layering concepts.

Because of their high tensile strength along the fibers, lightweight fiberglass or carbon fiber
reinforced composites might be configured to help resist radial pressure pulses and axial loads.
This benefit is offset, however, by the low interlaminar shear strength of circumferentially wound
composites. Axially oriented fibers could take advantage of the transverse fiber strength, which is
above the interlaminar shear strength but still substantially below that of steel. Metal matrix
composites, which have higher shear strength, could provide another design option.

7. FABRICATION AND ASSEMBLY

After materials with adequate properties are located and a containment has been proposed
that satisfies the design criteria, the challenge remains to produce the flywheel module by
enveloping the flywheel in the containment. Techniques must be developed to fabricate the layers
needed on the liner to combat penetration and pressure pulses. The more layers required, the more
complex this step will be. The most important assembly feature depends upon whether a
requirement exists for repairability. If the module is a throwaway, then the upper and lower
housing may be welded together over the flywheel. This will produce a less expensive unit that is
better hardened against axial pressure pulses. If the module must be repairable, then it must be
possible to separate the two halves. This might be accomplished by bolting them together;
however, such a configuration, although cheaper, requires mating flanges that will increase the
overall diameter of the housing and is much weaker against axial pressure pulses. A more likely
configuration would be to screw them together as shown in Fig. 2. Once the housing halves are
connected, a technique must be developed to overwind any additional support. If the overwinding
is one piece, it must be destroyed before the module may be disassembled for repair. If it is in two
pieces, it will provide no additional support against axial pressure pulses.
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Lightweight materials, some of the disrupter materials, and ceramics tend to be expensive.
The design challenge will be to minimize the use of expensive materials while obtaining the
necessary benefits and to invent fabrication techniques that permit cost effective fabrication and
assembly of the flywheel module.

8. CONCLUSIONS

This section presents the conclusions from the investigations, discussions, analyses, and
calculations related to this laboratory directed rescarch on flywheel containment.

1.

The flywheel failure mechanisms depend strongly on the flywheel design, thus safe
containment will vary from design to design.

A rotatable liner may be an attractive approach to combat a packing failure, but it must
be designed so that it is perforation resistant and does not produce secondary
fragments. Packing failures occur when the failing composite produces strings that
bunch up to create a packing nest. It may be possible to avoid packing failure by
selecting a composite that fails as dust rather than strings. Allowing the entire housing
to rotate is another approach to extend the time during which torque is transmitted to
the mounting structure.

The shear strength of the liner is even more important than its tensile strength in
resisting perforation by fragments and pressure pulses. This feature will make it
challenging to meet liner design requirements with lightweight materials whose
interlaminar and transverse shear strengths are characteristically low.

. The estimated pressure pulse on the liner from inelastic collisions of the disintegrating

particles is a lower bound. Inelastic collisions do not predict an axial pressure which
was sufficient to deform five of the lid bolts in the Demo 1C failure and fracture the
sixth. This shows that the collisions are partially elastic. Since eclastic fragment
collisions deposit twice the momentum on the liner wall, a blind estimate of maximum
pressure is twice the value produced by inelastic collisions if the time of the elastic
collision is the same as the time of crushing during an inelastic collision; however,
secondary clastic collisions of particles elastically rebounding from the liner with
outcoming particles not in the same plane will prevent a significant number of primary
liner collisions, which in turn could significantly reduce the maximum pressure pulse.
A model is needed that can predict development of both the radial and axial pressure
pulses.

. Concentric disintegration of a flywheel produces a uniform pressure on the liner.

Eccentric disintegration produces a circumferentially varying pressure profile with a
maximum about 114" from the point of impact with the liner. The maximum pressure

pulse from the eccentric disintegration is about 70% greater than that produced by
concentric disintegration.

9. RECOMMENDATIONS

Recommendations for future research related to flywheel containment are the followin g

1.

Explore containment configurations that use new lightweight composite materials,
metal matrix composites, and layering concepts. Review ORNL’s research on

10



the blast, projectile, and shrapnel defeating problem to see what may be applied to
solve the flywheel fragment penetration problem. Explore different configurations of
composite materials to see if overwrapping the liner and/or the housing can provide
any benefit to resist penetration and separately to withstanding disintegration pressure
pulses.

2. Continue efforts to determine what radial pressures must be withstood by the rotatable
liner recognizing that the radial pressure estimates given in this paper are lower bounds
which could be considerably higher for elastically rebounding failure particles. A time
delay occurs between collision of the flywheel with the liner and a later time that the
impact pulse induces disintegration at a point in the rotating flywheel. Calculate the
effect of this delay on the circumferential pressure distribution of an eccentric failure.

3. Quantify the strain-rate effect at the 27- 10 54-per-second level so that it may be used to
design perforation resistant rotatable liners. This will require a carefully designed test
program coordinated to obtain material constants that reflect strain rate. Inquire to see
if the sophxsucatcd equipment required for this testing is available at ORNL.

4. Develop a modcl that will simulate formation of the radial and axial pressure pulse
based upon the failure fragment sizes and the coefficient of restitution of these
fragments with the liner and with each other. Coordinate test instrumentation to verify
the model. This information will be useful for designing the radial and axial geometry
of the rotatable liner.
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APPENDIX A
REVIEW OF THE DEMO 1C FLYWHEEL TEST

On December 9, 1985, the flywheel known as Demo 1C shown in Fig. A.1 was spun to
failure in a top loading spin tank at the ORNL flywheel test facility. The spin tanks are located in a
reinforced concrete revetment area shown in Fig. A.2 at the K-25 plant in Oak Ridge, Tennessee.
The flywheel rim comprised two concentric circumferentially wound carbon fiber reinforced
cylindrical rings whose total weight was 6.2 kg. The inner ring was AS6 and the outer ring was
IM6. The rings were mounted on a metal hub, which in turn was connected through an arbor to
the quill of the 4-in.-dia air turbine used to drive the flywheel to failure. Failure occurred at
1405 m/s at which point the energy in the rim was 1.5 kWh. This is the energy being considered
for use in load levelers capable of extending the range of automobiles by up to 30%.

FLYWHEEL SPIN TEST SYSTEM

Configuration

. A schematic of the spin tank is shown in Fig. A.3. The A 285 Grade C steel vacuum
casing consists of a 1-1/2-in. thick cylinder with a 35 3/8-in. ID welded to a 1-1/2-in.thick annular
region of its bottom disk and bolted during operation through a 1-7/8-in. thick region of its
removable top disk. The bottom disk is bolted with 16 1-in. dia SAE Grade 8 bolts on a 42 1/2
in.-dia bolt circle to the flange of a 12-in. high spool piece. The spool piece is anchored in the
concrete floor with 16 1-in. dia bolts. Six 3/4-10 latch screws made of 4140 steel and six 1 1/4-7
SAE Grade 8 bolts secure the top lid to the vacuum cylinder. Each latch screw is held by a 3/4-in.
dia rod pressed into a steel fixture welded to the outside of the vacuum cylinder. The elongation
length of each 3/4-in. bolt is 4 in. Each 1-1/4-in. bolt passes through a hole in the lid and a 4-in.
steel cube welded to the side of the vacuum cylinder. The elongation length of each 1-1/4-in. bolt
is 7.5in. A 24 in. high 2-in. thick inner liner with a 30-in. ID is mounted on spacers to allow it to
rotate if impacted during testing. A 2-in. high collar' with a 33-in. ID and a 35-in. OD sits on the
top of the rotatable liner to prevent it from tilting into the ID of the vacuum cylinder. The flange of
the air turbine is secured to the top of the lid with four 3/8-16 bolts on a 4-in. bolt circle threaded
3/4 in. into the lid.

Bumper Bearing

A steel cylinder with an internal brass bearing surface is bolted concentric to the turbine
quill with six 1/2-13 SAE Grade 8 bolts on a 6-in. dia bolt circle in a 1/2-in. deep recess inside the
lid. This is a bumper bearing, which serves as an arbor runout delimiter and is shown in Fig. A.4.
The brass surface provides a rubdown surface for the 2-in. OD of the top of the arbor, which is
mounted on the turbine quill and held in place with three Alan-head screws. One of the holes
through which the screws are tightened is visible in Fig. A4, along with what remains of the
arbor. If the eccentricity from a sudden imbalance exceeds 0.060 in. during operation, the arbor
touches and orbits on the ID of the brass cylinder. Often the assembly may be brought to rest
without further failure, thus enabling visual analysis of what caused the imbalance.

Arbor

This arbor was made of aluminum. It had three parts which, from top to bottom, are the
2-in-dia cylinder into which the 5/16-in.-dia turbine quill is inserted, the runout cylinder, and the
5/8-in.-dia threaded shank. The shank is inserted with interference through the bore of the
flywheel’s hub and secured with a nut and belleville washer. In Fig. A 4, the entire shank is
missing although the runout cylinder is still intact.
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Failure Scenario

The failure of the flywheel, which occurred at a peripheral velocity of 1405 m/s (38,650
rpm), was dramatic. During the first event, which lasted for about three seconds, the 2-in.-dia top
cylinder of the arbor orbited on the inner bearing surface of the bumper bearing. The second event
was a loud crash followed by a cloud of carbon dust rising from the revetment cubicle. The dust
exited from the spin tank at the joint between the tank and the lid. Figure A.4 suggests that the
huge shearing forces from the imbalanced flywheel orbiting inside the bumper bearing caused it to
shear off the arbor just below the runout cylinder. An estimated orbiting frequency of 1396 rad/s,
or 222 Hz, is sufficient to generate the required shear load. If the flywheel sheared off the arbor at
this angular velocity, it would reach the liner in about 0.01 s (long before it reached the floor of the
tank). The shank of the arbor, which was ripped from the hub during failure, was retrieved from
the debris in two pieces along with the belleville washers and the nut. The nut was still attached to
one piece of shank as shown in Fig. A.5. The loud crash was probably the flywheel rim striking
the inner liner with such impact that it caused the flywheel to shatter. An audio recording of the
events and a visual recording of the movement of the tank’s top lid, which showed amplified
motion at the top of the three-foot long turbine muffler mounted on the axis of the turbine with dust
billowing out around the edges, provides a lucid external picture of what happens during a
disintegration type of failure.

The scene is shown in Fig. A.6 after the dust settled. Metal fragments from the hub had
eroded the revetment wall in the plane of the top lid and dust from the carbon fibers stenciled an
image of the opening formed by the deflected lid (see Fig. A.7) during its response to the pressure
pulse from the disintegrating flywheel. The six 3/4-in. latch bolts were stretched or broken and
Fig. A.5 shows one that had been thrown from the tank. Numerous electrical and instrumentation
cords had been severed or stripped by particles escaping the tank. Figure A.8 shows carbon and

epoxy powder coating the inner liner and packed between the lid and the casing. No strands of
carbon fiber or fluff remained.

Radial Pressure Pulse

The response of the 2-in. thick liner to the radial pressure pulse from the flywheel failure is
significant. The liner was shattered into 12 fragments. Figure A.9 shows four of these fragments.
Their fracture surfaces all have the granular appearance of a brittle fracture. The liner must
conform to A 285 Grade C steel, which has an ultimate strength of 55 to 75 ksi, and an elongation
to failure in 2 in. of 27%. The hardness of one of the fragments was checked and indicated that the
material properties were acceptable. The conclusion is that the strain rate capabilities of this
material were exceeded, which means that the very short high-pressure pulse exceeded the material
strength values that are different than the quasi-static properties given in the literature. The last
section of this appendix presents a method for estimating the lowest pressure that will be exerted
on the inside of the liner by a disintegrating flywheel like Demo 1C.

Axial Pressure Pulse

From the response of the rotatable liner, one can understand why accommodating the radial
pressure pulse receives significant attention during preparation for a high-speed rotation test.
Demo 1C clearly indicated an axial pressure pulse that was high enough to elastically deform five
latch bolts and fracture one and to scallop the edge of the thick steel lid. Figure A.S shows the
latch bolt that had been thrown to the wall of the revetment after its eye had fractured.

Observations of deformation or absence of it in the six 3/4-in.-dia 4140 steel latch bolts, in

the remaining six 1-1/4-in.-dia grade 8 steel bolts, and in the A285 steel lid may support an
estimate of the maximum upward force exerted on the lid during failure. Figure A.6 shows that
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only one of the latch bolts remained upright after the failure. Four of the other bolts had elongated
sufficiently that they could be rotated out of the radial slot by debris escaping the tank or by
vibration. The eye of one latch blot (Fig. A.5) failed where the stress concentration factor is 2.8
thereby indicating the presence of a defect. Although thebolts have been discarded observers
indicated that the large bolts had behaved elastically. Because of the stress concentration factor of

3.8 at the first engaged thread, one would expect plastic yield to occur at the root diameter for a
load, P, of

po Y T, | (A1)

where

oy is the yield stress of th bolt, 150 ksi,
Ar is the area of the thread for tensile failure, .969 in.2, and
K is the stress concentration factor for threads, 3.8.

If in fact no yielding occurred at the thread notch, then the load on each grade 8 bolt did not
exceed 38,000 lbs. Each of the latch bolts was permanently deformed indicating an ultimate bolt
load of 55,778 lbs. The estimated total upword force resisted by 12 bolts under this assumption is
563,000 1bs. Further finite element modeling or potential energy minimization for the lid/bolt
system should be completed to more exactly determine the load distribution on the bolts.

Axial Pressure Lower Bound Estimate

Some current thinking is that the axial pressure pulse is applied to the lid in an annular
region as the flywheel particles deflect upward, thereby affecting the upward load on the lid. The
equation for the pressure that will produce an upward load of 563 thousand pounds is a function of
the annular OD and ID. Itis given by the equation

471.3

D2
‘"ioo)

OD is the diameter of the O-ring that seals the tank, 39 in., and
ID is the inner diameter of the annular region, in.

p= (A.2)

where

If ID is zero, the pressure is uniformly applied to the entire lid and is 1004 psi. For a 2-in.-wide
annular region with ID=35 in., the pressure is 2422 psi. Remember that the actual pressure is
probably higher because of the relief provided by the gap formed as the lid stretches the bolts.

Estimate of Radial Pressure on the Rotatable Liner
There is disagreement about the necessity of a rotatable liner. One concemn is that if the

inner liner fails it may provide secondary fragments to increase the penetration probability and
amplify the reaction of the containment to the breakup. In ORNL’s experience, rotatable liners
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have effectively absorbed kinetic energy of typical failures, defined as those operational failures
that occur well below the ultimate strength of the flywheel material. It will be important, however,
to assure that any rotatable liner design will mollify the action of secondary fragments. This may
be accomplished by employing new types of lightweight composite material to provide a layered
rotatable liner hardened against particular types of failure reactions.

Three types of failure reaction are prominent. The first is the reaction of the liner or
vacuum jacket to the initial impacts of flywheel system fragments formed during failure.
Undesirable reactions are fragmentation or penetration. ORNL's Demo 1C provided an example of
liner fragmentation. Both ORNL and the flywheel development community have had experience
with penetration by metal fragments and by carbon fibers in a longitudinal arrow-like orientation.
The second is the reaction of the ends of the liner extensions and vacuum jacket to all post primary
impacts of flywheel system fragments. These post primary impacts can induce a significant axial
load. The third is the reaction of the containment when the flywheel failure debris suddenly
wedges internally causing a very high torque on the bolts holding the jacket to the mount frame.
This type of wedging may be expected for fiberglass reinforced composites because of their higher
transverse strength, but may not be common for carbon fiber reinforced composite because of the
brittleness of carbon fiber.

Material selection and a rotatable liner may take care of the packing reaction by eliminating
packing strings and fluff the fragment axial reaction will be the subject of some future modeling to
understand how and where it is applied so that it may be most effectively controlled, but
understanding the fragment radial reaction may be crucial to developing a safe, low-cost, mobile
containment. The Demo 1C failure provided information that has improved our understanding of
the fragment radial reaction. A likely scenario of its failure is that the radial pressure pulsec was
generated as minute flywheel particles impacted the liner. These minute particles were formed
when the flywheel was shattered after it sheared off the arbor and laterally struck the liner. The
derivation that follows estimates the lower limit of the pressure on the liner that would be caused
by inelastic collision of a very large number of minute (powder) particles.

Repeated reference is made to minute particles because their size must be small to neglect
the contribution to angular momentum of their rotation. When a rotating system breaks into
multiple fragments, the angular momentum may be expressed with two terms. The first term
contains the translational velocity of each fragment tangent to the radius through its center of mass,
and the second term contains angular rotation of the fragment about its center of mass. This
angular rotation is equal to the system’s angular rotation prior to breakup. It can be shown that, as
the number of fragments increases and the corresponding particle size approaches zero, the ratio of
the angular momentum due to rotation of the fragments divided by the angular momentum due to
translation of the fragments approaches zero. That is, for a flywheel that disintegrates into
powder, conservation of angular momentum is satisfied by translation of the powder particles.

Assumptions

There are four assumptions upon which the radial pressure estimate is based for the
Demo 1C failure scenario.

1. Centripetal loading from the flywheel on the aluminum arbor as it eccentrically orbited inside
the bumper bearing caused the flywheel to shear the arbor shaft below the runout cylinder
and strike the rotatable liner, instantly disintegrating.

2. The disintegration produced an infinite number of infinitely small particles that were released
to travel perpendicular to their radii at the instant of disintegration with a velocity, or.
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3. The impact of each particle with the rotatable liner is inelastic. For an inelastic collision each
particle will impact the liner and stick. The change in momentum is mv - 0 = mv. Recall that
this is half the momentum change for an elastic collision, which is mv - (-mv) = 2mv; .
consequently, the pressure from the actual collision will be larger than for the inelastic
collision. From the outside to the inside of the flywheel there is a locus of particles that all
impact the same point on the liner. Since each particle sticks to the liner in an inelastic
collision, the path is clear for impact of another radially inward particle to strike the liner.
There is a unique locus for each impact point on the liner. That locus lies on the intersection
of the flywheel and the semi-circle whose diameter is the distance from the center of the
flywheel (b, 0), to the impact point (x1, y;). Inelastic collisions generate no axial load
because all the particles stick to the liner.

Axial motion may be imparted to disintegrated particles from rebound of their axial Poisson
contraction. This contraction occurs as the impact wave travels through the flywheel
releasing the tensile stress by causing disintegration of the flywheel material. Axial
momentumn is generated by particles rebounding from the liner to collide with oncoming
-particles. The axial load on the lid comes from the axial momentum produced by these out-
of-plane collisions.

Here is the procedure for estimating the pressure exerted on the liner at (R,a) by each
particle from a disintegrated flywheel whose axis is displaced from the center of the liner by
distance, b. Figure A.10 is a schematic of the variables and geometry used in this derivation.

- The coordinates of the impact point are given by

xlzR-cos(a) and ylzRvsin(a). (A.3)

The distance from the center of the flywheel to the impact point is

¢ = JR?+b*~2Rebecos(a)s (A.4)

where b is the distance from the center of the rotatable liner to the center of the flywheel.

The polar angle of the impact point with respect to the center of the flywheel is

X,—b
C:acos [————1 ]o-—-——YI ’ (A'S)
c yll :

where the value of y; divided by its absolute value accounts for function sign changes between
quadrants.

The tangential velocity of a particle at radius, r, is

v=aer, (A.6)
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where @ is the angular velocity of the flywheel, 4097 rad/s.
The angle between ¢ and the trajectory of the disintegrated particle is obtained using the law of sines
and is
. (T
K=asin (— ) (A7)
c
The angle between ¢ and flywheel radius of the disintegrated particle is
X (A.8)
T‘ - 2 X
The polar angle of the disintegrated material with respect to the center of the flywheel is
. :
6=C+n=§+—2—-x~ (A.9)
The cartesian coordinates of the disintegrated particle are
x3=b+r-cos(9) andy3=r°sin(9), (A.10)
The distance from the center of the tank to the disintegrated particle is

_) 72 | Al
= |xJ+y3 ( )

The distance from the impact point to the disintegrated particle is

c=}(x1—x3)2+(y1—y3)2. (A.12)

The angle of incidence of the impacting particle on the liner is

2 2 2
e"+R°-f
_ e+R -1 1
T acos[ TeesR ] (A.13)
The value of dc/da, which is used to calculate d8/da, is
d_Rebesin{a) .14
do p (A.14)

18




The value of d8/da, which is used to calculate the pressure generated by the particle, is

) dc
‘ " (R-cos(a)—b)- - R'Sm((l) Y1 r.da . (A.15)

do c'jcz—(R'cos(a)—b)z 'P’lvc-}?:—f

The estimated pressure in psi exerted on the liner at the impact point is

___.,_"L —_——— s E] -
o= dA g R (V Cos 'I) do (Alé)

The time required for the disintegrated particle to reach the liner is

t=— (A.17)

Y

The torque per radian exerted on the liner as a function of &t is

dr

At=——r— |
e Bk (A.18)

The equation for the radial load from an incoming particle is estimated as the change in radial
momentum of the particle during its inelastic collision divided by the time over which this
momentum change occurred. The stress is the load divided by the area of the hncr over which the
load is imparted. The mass of the particle is

dm=peredf-dreh, | (A.19)
and the change in radial momentum for an inelastic collision is

dm’v*cos(‘t>

dp, =——, A2
P, At (A.20)

The time over which the momentum change occurs is estimated as

az:f—‘;—mde-h‘(mgs(z))z : (A21)
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The radial force on the liner is then

dza") = (or)eRZhetan (1) (A22)
a

The load is distributed on the liner over area, hR da, leading to the stress at the impact point given
by Eq. A.16 above.
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