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PROCEEDINGS
1975 FLYWHEEL TECHNOLOGY SYMPOSIUM

FORWORD

Although flywheels, such as the potter's wheel can be dated back several
thousand years, there has been a great resurgence of interest recently in
the flywheel as an energy storage mechanism. The reasons are both economic
and technological -- economic because the growing costs and potential scarcity
of energy have increased the importance of energy storage as a conservation
measure, and technological because improvements in materials and mechanics
make flywheel energy storage more and more attractive.

The United State Energy Research and Development Administration in its
Office of Conservation is responsible for research and development promoting
energy storage systems in the national interest. To this end a gathering of
leaders in flywheel technology from industry, government and universities was
conceived. Thus, the Energy Research and Development Administration and the
Lawrence Livermore Laboratory sponsored the 1975 Flywheel Technology Symposium
at Lawrence Hall of Science, Berkeley, California, November 10-12, 1975. The
Symposium was designed as a forum where these leaders of flywheel technology
and research could exchange information and ideas on advances, potential
applications, and research needs of the flywheel technology. The symposium
was also designed to provide a seminar at which interested people could update
their understanding of flywheels.

The Symposium was expected to be quite informal, and no written papers
were requested. However, there has been such widespread interest in the
Symposium that we decided to prepare this Proceedings. It is a compilation
of the papers and summaries submitted by the speakers, presented in the
order of the program.




WELCOME TO THE SYMPOSIUM

Kenneth Street, Jr.
Associate Director for Energy Programs
Lawrence Livermore Laboratory

It is a great pleasure to welcome you to the 1975 Flywheel Technology
Symposium sponsored by the Lawrence Livermore Laboratory of the University
of California for the U. S. Energy Research and Development Administration.
We hope that you will find the program both informative and enjoyable.

This symposium is a historical first. It is the first time that
researchers and engineers working with flywheels have come together
specifically for the purpose of presenting their results, exchanging
information and talking about the future. Let us hope that this will be
the first of many such gatherings.

The titles of the more than thirty papers on the program cover a wide
range of subjects. Some papers will discuss the testing of new design

flywheels. Others will present information about the properties of materials

of construction and suggest ways of using these materials in flywheels.
Sti11 other papers will tell us how to select flywheel design criteria and
how to fit flywheels into their total environment. And the voices of some
who use the end products containing flywheels will also be heard.

We here owe a very great debt to George Chang and Richard Stone,
symposium committee co-chairmen; to T. T. Chiao and to other members of
the committee who shared the task of organizing this symposium.

We hope that your visit here will be both pleasant and profitable and
that you will return home stimulated by the progress being made in the field

of flywheel energy storage.
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Tt gives me a great deal of pleasure to give an overview of the
1975 Flywheel Technology Conference. T am especially pleased in that
this is the first meeting of its kind and is thus bringing together
many experts in the field for a very meaningful discussion. Because
of the tremendous potential for the utilization of flywheel energy
storage systems and the development necessary prior to their use, I
would like to suggest that you all have before you great opportunities
as well as challenges in the years to came.

T would like to take the next few minutes to acquaint you with
the outline of this address. I will begin with a brief discussion of
the purpose of this conference and how it and flywheel storage in general
fit into the overall mission of FRDA. It will be profitable to spend
time here to comvey to you the ERDA philosophy of the flywheel energy
storage program. We have several questions here. What potential appli-
cations do we see? What benefits do we see in those applications? What
is the current state of flywheel technology? Finally, what are ERDA's
near term goals for developing this technology?

I hope to answer those questions to your satisfaction this morning.
Tn addition, I will provide a brief history of flywheel utilization
from Biblical times to the present. This will lead to a discussion of
the current government programs in this area including those sponsored
by ERDA. Finally, I would like to present our point of view on the
research and development necessary to implement the use of flywheel

energy storage systems as conservation measures in critical applications.




Purpose of Conference

First, I would like to briefly touch upon the purpose of this
conference.

This conference could be properly called the First National
Flywheel Technology Conference. We have invited leading industry,
research laboratory, and university contributors to the concept of
flywheel energy storage systems to discuss and evaluate the state-of-
the-art of this concept, and to peek into the future to examine the
praomise of the concept to energy conservation. It is, in essence, and
open forum for review of the state-of-the-art of flywheels and an
evaluation of possible benefits.

We are also using this conference to publicize research funded
by ERDA. Other goverrment research efforts will also be hiliighted. We
wish to obtain the maximum return from our projects by
maximizing the exposure of ovur studies. ERDA has several projects in
the flywheel energy storage area and has established a program for
further development of flywheels. By publicizing our activity, we
hope to provide a stimulus to the industry efforts in this area. We
want to make certain that our plan for future activities in the area
of flywheel energy storage systems is correct with respect to: What
ERDA goals should be? What can industry do? How much research and
development is necessary? What the best govermment and industry
approach which lead ultimately to demonstration and utilization of the
concept should be? In fact, this is one technology in which ERDA is
truly interested in "re-inventing the wheel" - the energy flywheel

built with advanced technology.




FRDA Mission

Before discussing our program in flywheel energy storage, I
would like to make a few general remarks on the mission of ERDA.

FRDA was created to bring together into a single federal agency
the major energy research and development programs aimed at determining
means of conserving current sources of energy, finding ways of
optimizing the utilization of these sources, examining methods for
increasing the supply of present sources, and developing new sources
of energy., To effect this, ERDA's mission i1s to speed-up the advance
of state-of-the-art technology in all promising energy areas. The
basic objective is to develop and demonstrate a broad spectrum of
promising technologies as early as possible through accelerated
evolutionary growth, conceptual brezkthroughs, and comprehensive
plaming.

ERDA has been chartered by Congress to use sclence and technology
to make vital and fundamental contributions to the energy needs of
both the present and the future, and to make the nation energy self-
sufficient. At the same time, ERDA will strive to protect and enhance
the environmment, and assure public health and safety.

Due to the long range nature of producing new energy technologies,
ERDA's only near-term option is energy conservation. We consider
conservation research and development as that which leads to more
efficient use of energy, use of alternate, less critical, less expensive
sources of energy, and more efficient use of capital and other variables
within our energy systems.

Within conservation, one of the essentlal elements is energy

storage systems. Energy Etorage is a key concept of efficient energy
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utilization. Large scale use of energy storage systems will save the
nation hundreds of millions of barrels of oil anrually and will result
in direct savings for the consumer.

A rumber of energy storage technologies have evolved, albeit
slowly, through the years. ERDA's goal is to accelerate the
development of these technologies for demonstration in the near-
term. One specific concept, which shows a tremendous potential and
one which has been known and used for several thousand years, is flywheel
energy storage. The use of flywheel energy storage technology could
contribute significantly to energy conservation. Our direction is to
bring into realization this concept as soon as it is technically and
economically possible. To bring this about, we have established goals

and programs in flywheel energy storage.




Goals and Programs in Flywheel Energy Storage

The research programs in flywheel energy storage are part of
broadly scoped programs in conservation research and technology
that are directed to advancing technology applicable to several
applications sectors. Continued advancements in flywheel technology are
expected to provide benefits in at least four sectors -- electric
power utilities, Industries, buildings and transportation.

The particuiar benefits expected from the accomplishment of this
program support two of the major goals of the ERDA National Plan for
RD&D. The goals are:

® Tncrease the efficlency and reliability of the processes
used in energy conversion and delivery systems;
e Transform consumptive patterns to improve energy use;

These goals are supported by a corresponding ERDA plan to develop
and demonstrate technology for energy storage applications, to increase
capital efficiency in energy generation, and to effect the use of

alternate energy sources.

The concept of flywheel energy storage has a rumber of attributes
which could contribute to the overall ERDA goals. Flywheel energy

storage can
® Provide peaking power for electric utilities using base

power for spin-up during off-peak hours;

@ Serve as a back-up, on-site, or emergency power source for industrial

and institutional applications;
® Conserve petroleum in transportation applications;
e Provide a non-polluting power source with no envirormental

debits.




The benefits resulting from implementations of flywheels are
signficant. For example, implementation of flywheel energy storage
plants at a level where they supply 20% of the nation's average
daily load delivered by peaking plants would save an estimated
70,000,000 to 100,000,000 barrels of oll per year in the late 1980"s.
This would be done by replacing conventional peaking equipment,
primarily gas turbines, and using base-load power for spin-up energy
during off-peak hours.

The transportation sector promises even greater benefits in
use of flywheel energy storage systems. Assuming a fleet of vehicles
with a mixture that includes about 15% flywheel-electric and flywheel-
heat engine propulsion systems by the year 2000, the petroleum savings
could reach 300,000,000 to 500,000,000 barrels per year. The vehicles
that employ flywheels as a power source achieve petroleum savings
through at least three major mechanisms:

@ Reduction of demand in power supplied by conventional internal
combustion engines;

@ Using off-peak power to spin up flywheels;

® Regenerative braking ——— using energy normally dissipated
during braking for flywheel spinup.

In addition to the foregoing, flywheel systems are non-polluting
and, in fact, could lead to a decrease in overall pollution levels in
cities if they gain broad acceptance in the utility and transportation
sectors.

Flywheel energy storage systems can also have sigificant impact
on sclar and wind energy technology development. These potential

energy sources are intermittent in nature and any practical system




designed for use with these sources must provide a guarantee of a
reliable, continuous power supply. This requires efficient energy
storage methods such as flywheel to level their output for continuous
use.

In the development of the flywheel energy storage program, it
is the goal of ERDA energy storage program to stimulate the industry,
especially electric utilities and transportation industry, into
participating in this program with a high level of activity. These
industries can contribute to future success of our national flywheel
program by

® assisting in stating the need and requirements for technology
development ;

¢ pursuing the development of promising hew technologies that
are economically viable;

o performing ERDA-sponsored RD&D projects identified in the

ERDA program plan.

In particular, industrial support of the flywheel demonstration
projects is mandatory. Term of agreements for such joing ventures will,
of course, be negotiated.

And now I will briefly discuss the flywheel energy storage program
at ERDA. The program was initiated by starting the following:

a. Technical and economic feasibility study

The result of this study will help us formulate a detailed
long range plan in the flywheel area. It will be presented at this
conference by Rockwell International, the ERDA study contractor.

b. Establish a data base for the design of flywheel made of

composite materials.
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c¢. Develop economical and reliable manufacturing processes for
composite rotors;

d. Study critical component areas such as rotor configuration, rotor
dynamics and control, bearings, seals, input and output systems;

e. Demonstrate small regenerative systems for battery-flywheel and
heat engine-flywheel power systems for automobiles;

f. Develop primary flywheel packages for automdbiles, particularly
commuter carss

g. Demonstrate an energy storage flywheel unit for electric power
stations and other industrial uses.

If the results of these component demonstrations are successful,

the technology will be transferred to the appropriate ERDA energy
system organization £8r the system development-to-demonstration phases.
If the results are unfavorable, decisions will be made whether to
discontinue that portion of the program or to perform additional R&D.
The results will be measured in terms of both technical and economic
feasibility as well as promise of commerical markitability.

At this time, we are confident that within ten years, practical
flywheel units designed for energy missions will become a reality.
Naturally this will come about only as a result of serious national

effort involving the government, the industry, and the universities.
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Flywheel Energy System Background

Now let us look at the concept of flywheel energy storage and
its potential as a practical system for everyday use. It is not a
concept beyond our immediate grasp and, in fact as I mentioned
previously it is a concept which has been with us for many centuries.

Flywheels have long ago made thelr mark in history with their
energy storage characteristics. One of the first known use of
flywheel energy was in connection with the inertial mechanism of
the potter's wheel. This application was revealed by archeological
evidence unearthed at the site of the biblical city of Ur. The Chinese
Mandarins applied a similar priniciple to maintain the rotation of
a weighted, wind-powered water wheel during low periods of wind
activity while pumping water for irrigation. The flywheel-powered bow
drill and child's yo-yo were also early applications of flywheel
energy storage properties.

During the last 200 years, large shaft-mounted flywheels have
been used to stabilize the output of steam engines used in the mills
and factories of the Industrial Revolution period. Today, automobiles,
trucks, and diesel locomotives use the flywheel to maintain continuity
between power strokes of their piston-driven IC engines.

Other flywheel applications have emerged over the last 200 years,
the most notable of which was the Howell torpedo built in 1884. This
torpedo incorporated two "first§: flywheel propulsion, with the flywheel
spun~up by an external steam turbine; and gyroscopic stabilization by

means of a flywheel.

The most extensive use of flywheels in the transportation field

12




during the last 25 years was the vehicle propulsion system used by the
Oerlikon Engineering Company of Switzerland. In developing a small
flywheel-powered railroad engine for switchyard work, it saw the
possibility of using flywheels in public transportation. This led

to the development of the Gyrobus in the early 1950's. This 35~
passenger bus with about 3 kilowatt-hours of stored energy operated
between electrical charging sites located about 1/2 miles apart. It
went into service in 1953 and remained in service for 10 years.
Several of these buses were also tried in the Belgian Congo. Routing
limitations the 1-2 minute spin-up charge period at each stop, and

the convenience of conventional diesel buses limited more widespread
acceptance of this bus. Economics might have played a role detrimental
to the metal-flywheel powered buses.

The convenience of alternate systems and other restrictions have
1limited more modern applications of flywheels to gyroscopic stabilization
and guidance functions. However, new technological demands and technical
advancements have resulted in a large number of studies and applications
over the recent years. I shall discuss some of the highlights of
these efforts.

At the 1963 International Meeting-of the Society for Automotive
Engineers, Mr. R.C. Clerk presented a paper entitled "The Utilization
of Flywheel Energy"! It was pointed out that a flywheel bullt with
advanced materials and bearings could be efficiently used as an
energy storage.

Since late 1960, the Applied Physics Laboratory at Johns Hopking
University has established the fact that energy densities of certain

fiber-reinforced flywheels can match those of advanced batteries now

13




undergoing development. Lawrence Livermore Laboratory, Stanford
Research Institute, Lockheed Corporation, NASA and COMSAT are among
those that have done significant amount of work in this area.

The Lockheed Corporation also studied the feasibility of Tlywheels
and hybrid combinations as propulsion systems for passenger cars, vans,
and buses. In afdition, Lockheed participated in a program to develop
a full scale flywheel system to power San Francisco trolley cars.

Garrett is currently installing flywheel systems on some ex-
perimental New York City subway cars. These have been used primarily
to assess regenerative braking benefits.

TRW and General Motors have studied the use of the flywheel in
both pure flywheel and hybrid configurations to power personnal
vehicles.

In 1970, EPRT and the San Diego Gas and Electric Company jointly
sponsored work to investigate possible flywheel resonance problems.

It was established that no problems existed at the operating speed
investigated. This effort marked the begimning of utility interest in
the concept of energy flywheels.

Although flywheels have recieved attention in the past primarily
for transportation uses, there have been other applications that
are equally important. Flywheels are in use now at Lawrence
Livermore Laboratory as a back-up power source, in Europe as small
scale load regulators, and in some university plasma physics lab-
oratories (e.g., Princeton University for plasma physics experiments)
to provide very high power peaks for plasma physics experiments.

Since 1970, a good deal of attention has been directed to
development of flywheel materials. The emphasisis on high strength,
filament-reinforced composite material which could double and triple

the best energy densities possible with steel alloys. Among these are
14




fiberglass composites and fibers made of boron and graphite. One
very promising fiber that is receiving considerable evaluation is the
organic fiber known as Kevlar.

This brings us to today. The Rockwell International Corporation
has just completed a technical and economic feasibility study of the
flywheel as an energy storage device for utilities, transportation,
and industry under our sponsorship. This 1s just one of a number of
government-sponsored activities in this area. The others, including
the previously-mentioned study are:

a. BERDA-—-technical and economic feasibility;

b. ERDA--flywheel technology development ;

c. MERDC--special power unit;

d. MERDC--composite materials development;

e. NSF--bearing development;

f. NSF--advanced rotor design.

Discussions are in progress to transfer the NSF activities in bearing
development and rotor design to ERDA. In the near future we hope to

initiate a number of other studies related to our flywheel energy

storage program. We at ERDA gppriclate your attendence and contribution

to this meeting. We hope this will be the first stepping-stone of

a continuing effort in the pursuit of achieving our national flywheel

program objectives. Lastly, we are looking forward to meeting with you,

and many others, at the next conference on flywheel technology two

years from now.
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FLYWHEEL SYSTEMS APPLICATIONS

J. E. Notti, dJr.
Rockwell International Corporation
Downey, California 90241

ABSTRACT

Flywheel energy storage systems (FESS) were studied within the framework of both
the near term and projected 1985-1995 technology for their applicability to the resi-

dential, commercial, industrial, transportation

RESULTS

From the study, the following funda-
mental findings emerged:

The cost of the energy storage fly-
wheel dominates technical considerations
to appear as the major determining factor
in the broad based application of FESS.

The development of high energy dens-
ity composite rotors is the dominant fac-
tor in Towering the cost of FESS energy
storage.

The development of composite rotors
with densities in the range of 40 to 60
watt-hours per pound will significantly
broaden applicability of FESS in the
transportation sector and is essential to
the use of FESS in utility energy storage
applications.

Advanced technology FESS employing
composite rotors can extend hybrid and
all-electric transportation applications
to smaller vehicles and provide signifi-
cant oil savings. A moderate scenario
depicting growth of flywheel hybrid ve-
hicles to eleven percent of the projected
1995 vehicle population could conserve
100 million barrels of oil per year
(MBOPY).

Advanced technology FESS utilizing
large composite rotors offer the poten-
tial for replacing combustion turbines
for utility peak power storage when com-
bined with nuclear or coal fired electric
generating facilities. In addition to
0oil savings from deleting combustion tur-
bines, total power send-out costs could
be Towered significantly. A moderate
scenario would predict cumulative oil
savings of 570 MBO by 1995 with a yearly
conservation potential of nearly 100

16

and utility sectors.

MBOPY. The cost of generation may be
decreased during the period 1985 to 1995
by $1 to 2 billion.

Composite rotor developments are
presently in progress at a Tow funding
Tevel. With additional funding the ques-
tion of feasibility of the high energy
densities may be established within two
to three years. Kevlar appears a promis-
ing candidate for high energy density low
cost composites.

Even though FESS were found to be
technically feasible they were not found
to be cost effective in residential, com-
mercial, or industrial applications for
the near or far term assuming current
utility rate structures. Conceivably,
altered rate structures which more severe-
1y penalize peak power demands combined
with lower projected flywheel capital
costs, could make some industrial applica-
tions effective.

Flywheel energy storage systems of
the current technology employing metallic
rotors could have near term (1978-1980)
application in short range electric com-
mercial vehicles and hybrid heat engine
commuter automobiles. Fuel savings are
expected to be moderate with essentially
no change in vehicle cost of ownership
for hybrid vehicles and moderate increase
for electric vehicles.

Safety need be no more severe a prob-
lem for properly designed FESS rotors than
any of several other high stress elements
commonly used in commercial applications
today. Rotors must, and can be, derated
for generous burst safety margins.

A small mechanically coupled regener-
ative FESS for the heat engine urban auto
is a near term (1980) application which




can result in moderate savings in oil for
the urban transportation vehicle. With
small increase in vehicle cost of owner-
ship, the unit would store the braking
energy of urban stops and return energy
to the wheels upon acceleration. Primary
power would be developed by a less power-
ful heat engine. Early introduction could
occur as an optional equipment offering
for the family urban commuter, taxis and
urban delivery vehicles.

A small motor-generator driven FESS
could also be developed in the near term
(1970-1980) to be used in conjunction with
a battery driven electric drive vehicle.
At Teast one prototype has been developed
and demonstrated. The battery electric
drive accrues the credits for o0il savings.
The vehicle cost savings attributed to
this unit come about through the increased
battery 1ife which accrues as a result of
FESS absorbing peak power demands and pro-
tecting the battery from damaging dis-
charge cycles.

From an institutional standpoint, the
introduction of the above systems could
not be expected to significantly impact
our current transportation industry. In-
creased electrical equipment demands could
be well serviced by the current industry.

Any significant transportation sys-
tems impact upon oil consumption by 1990
will require more comprehensive and more
costly developments than are currently in
progress.

Metallic rotors do not appear candi-
dates for general large fixed base in-
stallations because of their low energy
density and high cost of storage.

The major findings of the study have
effectively dictated the development strat-
egy upon which the proposed FESS Research
and Development plan is predicated. Brief-
1y stated the strategy is as follows:

Noting the importance of rotor energy
density to FESS costs and general applica-
tion, begin immediately a comprehensive
program for development of composite ma-
terial rotors. Since no single design has
a demonstrated superiority, several designs
should be pursued concurrently. Develop-
ment work should stress actual rotor fab-
rication and test since the analytical
techniques for composite rotors are emerg-
ing and their results must be considered
only indicative. Emphasis should be given
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large rotor technology. Concurrently,
the development of metallic rotor systems
should be accelerated by a) augmenting
current transportation programs with the
development of smaller hybrid power packs
and b) establishing test facilities for
rotor burst testing, multiple rotor life
cycle testing and c¢) establishing a ve-
hicle simulator which will reproduce road
and impact shocks for testing complete
FESS including housing and suspension
systems. Continued systems design and
effectiveness and user application stud-
ies are necessary, especially in the
utility sector, to develop advanced
concepts and to define the impact of user
requirements upon the design. Continual
re-evaluation of applications in light of
emerging technology and evolving economics
is considered essential.




ALL-SERVICE ELECTRIC TRANSIT VEHICLE

J. F. Campbell
Room 6104F
U. S. Department of Transportation
2100 Second Street, S.4.
Washington, D. C. 20590

ABSTRACT

Electric transit vehicles powered by flywheels have many advantages on predeter-
mined, multi-stop routes. More than fifty such Oerlikon buses that stored 9 kwh of
energy served for twenty years in Switzerland. This paper examined the general charac-
teristics of flywheel-powered vehicles and the performance of a hypothetical vehicle ¢n
three bus routes in San Francisco.
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ATTRACTIVE FEATURES OF FLYWHEELS

/ FLYWHEEL ENERGY
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#32 EMBARCADERO

Regular Route: From King & 3rd (S.
EmEarcaaero. Jefferson (Fisherman's

Return:

LEAVENWORTH

Transfer Points

1. Beach § Hyde
2. Beach § Leavenworth
3. Beach § Powell
4. Embarcadero & Sansome
5. Embarcadero & Battery
6. Embarcadero § Market
7. Embarcadero § Mission
8. Townsend § Second
9. Townsend § Third
10. KXing § Third
11. King § Second
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=t .. DIRECTION OF TRAVEL
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+ TRANSFER POINT
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TERMINAL

CHARGING STATION

NOTE: FEEDER (RTE #31/RTE #32

Motor Coach

}

Round Trip Mileage 7.19 Miles

P. Depot) via King, 2Ind, Tewnsend,
Wharf) Leavenworth, Beach to Hyde.

Via Hyde, Jefferson, Embarcadero, Townsend, 3rd to King.
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KINETIC ENERGY

FLYWHEEL
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POSTAL VEHICLE MISSIONS

T. Norman
U. S. Postal Service
11711 Parklawn Drive
Rockville, Maryland 20852

ABSTRACT

The Postal Service has a program under way to reduce the operating cost, the de-
pendence on oil-based fuel and the pollution characteristics of its vehicle fleet. At
present, more than 90,000 relatively inefficient gasoline-powered vehicles are in use on
postal routes requiring 100 to 600 stops per day. After extensive testing of three de-
velopmental all-electric trucks on simulated postal routes, the Service bought 352 trucks

for operational use.
hicles.

Other efforts are being made to develop efficient specialized ve-
A contract will be Tet soon for development of a flywheel electric vehicle. A

hybrid electric truck with a small internal combustion engine is ready for evaluation,

and four small diesel trucks are under test.

INTRODUCTION

The U.S. Postal Service operates one
of the largest vehicle fleets in the coun-
try. My purpose here today is to provide
you with an appreciation of the magnitude
of this fleet, the operational missions of
the vehicles and our plans for vehicle
propulsion system improvement. It is
hoped that from this presentation you will
recognize, as we in the Postal Service do,
the application of the flywheel propulsion
system concept to the postal vehicles. It
is also hoped that it will stimulate in-
terest within the industry to develop fly-
wheel systems directly applicable to the
Postal Service needs.

THE POSTAL SERVICE FLEET

Slide 1. The Postal Service operates a
fleet of aproximately 130,000 vehicles.
This includes Teased vehicles. Of this
total, 106,000 are owned by the Postal
Service. There are 9,000 1-ton vehicles,
28,000 1/2-ton vehicles and 65,000 1/4-ton
vehicles. During FY 74, we used 89,678,271

gallons of gasoline at a cost of $31,118,104.

We have found that since FY 73 the cost of
gasoline has increased by about 60%.

Slide 2. The T-ton vehicles are used pri-
marily for collection of mail from the
corner mailboxes. The 1/2 and 1/4-ton
vehicles are used for delivery of mail to
indjvidual patrons. There are basically
two types of delivery routes. First,
there is the park and Toop route which
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Other approaches are being considered.

consists of driving the vehicle to pre-
established Tocations from which the

mail is delivered, on foot, to the in-
dividual patrons. The second type is the
mounted delivery route. This type of
route consists of driving the vehicle to
each patron's house or office to deljver
the mail.

The characteristics of the many de-
livery routes vary widely and, as such,
it would be difficult to define a typical
route. However, we can, in general, de-
fine the range of these characteristics.
The distance of a route may vary from
seven to 60 miles. The number of stops
may range from 100 to 600. It is inter-
esting to note that the vehicle engine
may idle up to 60% of the time during a
delivery route. The routes may be level
or very hilly, while the temperature may
range from very hot to very cold. Be-
cause of the variation of these routes,
the vehicles may get from four to 13
miles per gallon. It is not unusual for
a 1/4-ton delivery vehicle to get four
miTes per gallon.

IMPROVED VEHICLE PROPULSION PROGRAM

Slide 3. We have established an improved
vehicle propulsion system program with
the objectives of reducing operating
cost, dependence on oil-based fuel and
pollution.

Slide 4. This program consists of devel-
oping, testing and evaluating a number of




different propulsion systems. The systems
divide into internal combustion engines
and electric propulsion systems.

We have four diesel engines beihg in-
stalled in a 1ike number of 1/4-ton vehi-
cles. Diesel engines have the potential
advantage of high efficiency during id-
1ing. We will test these engines and es-
tablish their potential for postal appli-
cation.

We have also contracted for the in-
stallation of four stratified charge en-
gines in 1/4-ton delivery vehicles.
Stratified charge engines have been ad-
vertised to reduce pollution while in-
creasing engine efficiency. Again, we
will evaluate these engines for their po-
tential application to postal vehicles.

We are also planning to contract for
further development of a hydrogen engine,
which we will test and evaluate. Hydrogen
engines require no gasoline, produce es-
sentially no pollution and are highly ef-
ficient at low performance levels. Hydro-
gen must be maintained in a Tiquid form at
a temperature of -2760F. This, of course,
causes problems in storage and handling.
Hydrogen also is not readily available.

The Postal Service had three differ-
ent electric vehicles developed by 0Otis,
ETectromotion and Battronic for test and
evaluation. These vehicles performed rel-
atively well on limited delivery routes.
As a result, we purchased 352 American
General electric vehicles for operational
use. The two vehicles assigned for engi-
neering tests have not yet been received.
ETectric vehicles have the advantage of
not poliuting or requiring oil-based fuel,
however, they are presently limited in
their application.

In order to idincrease their applica-
tion, we have investigated improved bat-
teries. It has been found that production
batteries, with significant improvements,
appear to be some years away. However, we
do plan to test and evaluate a nickel zinc
battery during the next few months. Nickel
zinc batteries have the potential advan-
tage of producing twice the energy as the
lead acid batteries for the same weight,
but this double energy capacity requires
double the volume. The 1ife cycle is pro-
jected as approximately 1/2 that of the
lead acid batteries.

We are planning to evaluate the hy-
brid electric propulsion system concept
by testing a system which has been in-
stalled in a 1/4-ton postal delivery ve-
hicle. This system consists of a small
internal combustion engine operating in
conjunction with an electrical propulsion
system. It is considered that additional
development effort is necessary before
this type of system could be used opera-
tionally.

The flywheel electric vehicle ap-
pears to have all the advantages we are
seeking. However, such a system has not
been developed for our type of vehicles.
Therefore, we are planning in the near
future, to contract for the development
of such a system.

TESTS OF ALL-ELECTRIC VEHICLES

Slide 5. In order to effectively develop
and evaluate improved propulsion systems
for electric vehicles, it is first neces-
sary to establish the capabilities and
Timitations of the existing electric ve-
hicles. We have conducted a number of
tests on the three electric vehicles to
support this requirement. The next two
slides will show some of these test re-
sults. The accelerations, as shown, are
considered acceptable, but since these
tests were performed on level terrain,
improvements may be considered necessary
to improve the performance on grades.

The top speed should be increased to 50

‘or 55 mph to allow for safe operation on

highways.

Slide 6. We tested each of the three ve-
hicles on simulated routes to determine
the range of routes over which these ve-
hicles could satisfactorily perform,.

This slide shows the results of these
tests. If we take the Otis vehicle, as an
example, it can be seen that it could per-
form over routes that have up to 350 stops
provided that the total distance does not
exceed 10 miles. It can also be seen that
it could perform on routes with distances
up to 24 miles, provided that the number
of stops does not exceed 100. These tests
were all performed on flat terrain during
mild temperatures. Additional tests will
be performed to establish the effect of
grades and Tow temperatures.

Slide 7. In addition to establishing the
efectric vehicle delivery route capabili-




ties, it is also necessary to establish
the potential application of the electric
vehicles to the actual operational routes.
We plan to do this by sampling routes
throughout the country and determining
their characteristics in terms of number
of stops, total distance, type of grades
and energy consumed. Instrumentation
packages are being developed to record
this type of data. From the information
obtained, we can then classify the routes,
on a statistical basis, in accordance with
their characteristics. We can then estab-
1ish the number of electric vehicles, with
any given capability, that could be util-
jzed throughout the country on postal de-
livery routes.
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U.S. POSTAL SERVICE VEHICLE FLEET

130,000 TOTAL VEHICLES (Including Teased)
106,000 VEHICLES OWNED & OPERATED

9,000 1 Ton Vehijcles
28,000 1/2 Ton Vehicles
65,000 1/4 Ton Vehicles

102,000

89,678,271 GALS./FY-74
$31,118,104 /FY-74
60% COST INCREASE/GALS. SINCE FY-73

FIGURE I

DELTVERY & COLLECTION ROUTES

(1, 1/2, 1/4 TON VEHICLES)

CHARACTERISTICS
Distance - 70 to 60 miles/day
Stops - 100 to 600/day
Total Engine Idle Time - Up To 60%
Terrain - Level to Very Hilly

Temperature - Very Hot to Very Cold

ENERGY CONSUMPTION
Miles/Gal - 4 to 13

FIGURE II
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IMPROVED PROPULSION SYSTEMS

OBJECTIVES
REDUCE OPERATING COSTS
REDUCE DEPENDENCE ON OIL BASED FUEL

REDUCE POLLUTION

FIGURE III

IMPROVED PROPULSION SYSTEM PROGRAM

INTERNAL COMBUSTION ENGINES PROBLEMS
Diesel Engine Requires 011 Based Fuel
Stratified Charge Engine Requires 011 Based Fuel
Hydrogen Engine Availability &

Storage of Hydrogen

ELECTRIC PROPULSION SYSTEMS

Electric Limited Application
Improved Batteries Limited Application - Not Developed
Hybrid-Electric Requires 011 Based Fuel - Not Developed
Flywheel-Electric Not Developed

FIGURE IV
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Stop/start cycles

ELECTRIC VEHICLE PERFORMANCE CHARACTERISTICS

PERFORMANCE PARAMETERS OTIS

Acceleration (Sec)

0-15 MPH
0-30 MPH

Top Speed (MPH)
Level
5% Grade
15% Grade

ELECTROMOTION BATTRONIC
4.6 4.2 4.8
13.5 13.4 14.5
40.5 38.5 42
28 28 28
- 13 -
FIGURE V

400
300 - 1/4-ton otis semi-industrial —
200 - 1/2-ton battronic semi-industrial ~ _]
100— 1/4-ton electromotion golf cart ]
0 | l l
0 10 20 30 40

Miles
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POTENTIAL APPLICATION OF ELECTRIC VEHICLES

DETERMINE NUMBER OF ROUTES SERVICEABLE BY ELECTRIC
VEHICLES AND FLYWHEEL/ELECTRIC VEHICLES

SAMPLE ROUTES USING INSTRUMENTATION TO OBTAIN
Number of Stops
Total Distance
Percent Grades

Energy Consumed

CLASSIFY ROUTES BY THEIR CHARACTERISTICS

FIGURE VII
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THE BROAD RANGE OF FLYWHEEL APPLICATIONS

D. W.

Rabenhorst

Applied Physics Laboratory
Johns Hopkins University
Johns Hopkins Road
Laurel, Maryland 20810

ABSTRACT

This paper considers flywheels of three basic types, depending on their cost and

their capability in meeting performance requirements.

Each type is discussed in terms

of materials, energy inputs and outputs and fields of application.

INTRODUCTICN

It is the opinion of an increasing
number of flywheel proponents that prac-
tical applications of the modern flywheel
number in the hundreds, with the business
potential running well into the multi-
billion dollar bracket. Ideally, a hypo-
thetical flywheel capable of storing 100
watt—hgurs per pound and 10,000 watt-hour
per ft° and costing 10¢ per pound would
satisfy the requirements of all of these
applications.

Unfortunately, there is no known ma-
terial from which a single flywheel con-
figuration could be made which could meet
these requirements. On the other hand,
there are few, if any, of the applications
in which ALL of the optimum requirements
are mandatory at the same time.

DISCUSSION

This discussion will be concerned
with the definition of basic types of fly-
wheels which will be respectively capable
of meeting the applications requirements.
As one might expect, the most basic cat-
egory breakdown is in the area of mater-
jals cost. The performance of the fly-
wheels will vary categorically with the
materials cost, although this is not true
in every case. For this reason it is con-
venient to define both performance and
cost in each case simultaneously. The
three basic cost vs perfomance classes are
shown in Figure 1, together with the other
functional categories which may pertain to
each.

The typical maximum performance types
and their applicable materials are listed

34

in Figure 2. It can be seen that these
are all cases where minimum weight and
volume are of paramount importance. Also,
these flywheels are all relatively small
compared to those in the other two cost
categories, and only a moderate amount of
relatively exotic material is required.
The detailed requirements of two of these
applications are covered in Figures 3 and
4.

It would appear that the category of
flywheels involving the greatest number
of units, and, in some cases, the largest
size units is that of the moderate per-
formance, low cost types listed in Figure
5. These include most of the road, off-
road and rail vehicles, as well as a wide
variety of stationary applications. Typ-
ical examples of this category, together
with their requirements are shown in Fig-
ures 6, 7 and 8.

While nearly all of the current

R & D flywheel activity is aimed at the
moderate performance flywheel development,
there is another important category which
is receiving virtually no attention, even
though it represents a multi-billion dol-
lar market potential. This is the cate-
gory of very low cost flywheels, as des-
cribed in Figure 9. In addition to their
enormous market potential, the low cost
flywheels represent a considerably less
severe development problem than either of
the other types. This is because their
relatively low performance requires cor-
respondingly Tow rotational speeds, which,
in turn, reduces the severity of bearing,
seal, transmission and aerodynamic prob-
lems by about an order of magnitude com-
pared to the other types. The character-
istics of this type are shown in Figure 10.




~ FLYWHEEL APPLICATIONS PARAMETERS

1IN PUT/OUTPUT

 ELECTRIC
MOVING

MECHANICAL

RANGE
50-100 WATT-HR/POUND
. >$300/POUND ‘

TYPICAL MATERIALS  TYPICAL FIELDS OF APPLICATI

~ BORON ki AIRCRAFT
KEVLAR % SPACECRAFT
BULK GLASS : WEAPONS
FUSED SILILA TOOLS
FUTURE WHISKERS . »UNDERWATER SURVEILLANC
RUBY/SAPPHIRE

FIBERGLASS WIRE

"




- FLYWHEEL PARAM

B MINIMUM VOLUME
{(MAXIMUM ENERGY

© MODERATE COST

E

DENSITY)

@ VERY RAPID CHARGING
(HIGH POWER DENSITY)
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MODERATE PERFORMANCE FLYWHEELS

PARAMETER  RANGE

HIGH PERFORMANCE 20-50 WATT-HR/POUND
LOW COST s 1-3/POUND

TY PiCAL‘MATEVRIALS " TYPICAL FIELDS OF APPLICATION

E-GLASS Lo HIGH POWER LOAD LEVELING
S-GLASS : A UTILITIES PEAKING
KEVLAR (POSSIBLE) USER SITE LOAD LEVELING
GRAPHITE (POSSIBLY) SOLAR ENERGY STORAGE
WIRE . WIND ENERGY STORAGE
NEW MATERIALS ROAD VEHICLES
L ‘ ' OFF ROAD VEHICLES
RAIL VEHICLES
TOOLS o
NO-BREAK POWER
x EMERGENCY POWER

| ’!‘Y@!ﬁﬁh MﬂBEﬂATE FERFORMANGE APPLICATION

(OFF— _ROAD VEHICLE)

FLYWHEEL PARAMETERS

@ VERY RAPID CHARGING
{HIGH POWER DENSITY )

S LOW VOLUME
® LOW COST
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E PERFORMANCE APPLIC

(EMERGENCY POWER)

FLYWHEEL PARAMETERS
ALL REQUIREMENTS ARE MODERATE
® ENERGY DENSITY
® POWER DENSITY

@ COsY :
@ MATERIAL QUANTITY

TYPICAL MODERATE PERFORMANCE APPLICATION
, ~ (UTILITIES PEAKING) B ' :

FLYWHEEL PARAMETERS

& MAATERIALS QUANTITY  VERY LARGE
& LOW COST : \
@ DESIGN LAFE 50 YEARS
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PARAMETER  RANGE V
L1OW PERFORMANCE < 1-20 WATT-HOUR/POUND
VERY LOW COST < 16 — 16 /POUND

TYPICAL MATERIALS ~  TY PICAL FIELDS OF APPLICATION
STEEL e ' LIMITED USER SITE STORAGE
STEEL FOIL & WIRE . % SOLAR ENERGY
METGLASS WIND ENERGY
PLANT FIBERS NO-BREAK POWER .
MANY MATERIAL ’/ EMERGENCY POWER ,
COMBINATIONS : LIMITED HIGH POWER LOAD LEVELING

) g

TYPICAL LOW cqsr<

@ 20-30 YEA
@ WEIGHT, VOLUME AND POWER

 DENSITY— NON-CRITICAL
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SYSTEMS ASPECTS OF ENERGY WHEELS

Ernest W. Schlieben
Radio Corporation of America

Box 800

Princeton, New Jersey 08540

ABSTRACT

Energy wheels (flywheels) are not just wheels.

and system requirements dictate their design.

They are components of a system,
Other components, such as the motor/

generator and controls, suspension system, vacuum and safety housings, support struc-

tures, gimbals and power conditioner unit, are also major parts of the system.
paper discusses some flywheel system considerations:
energy density per pound of system, system dynamics, Tife and cost.
ally-supported fiber energy wheels have great potential.

This

shelf 1ife, safety, system weight,
Rim-only, magnetic-
With further development they

should have high, stored-energy density (up to 60 watts/1b), good durability at high
stresses, long Tife (up to 20 years) with almost unlimited recharging, long shelf life
(wheel rundown time) with low bearing energy Tosses and good intrinsic safety character-

istics.

INTRODUCTION

The Astro-Electronics Division of RCA
has been developing flywheels for fifteen
years as part of its spacecraft develop-
ment and production effort. These wheels
are used for momentum exchange on space
craft in the attitude control system and
are referred to as momentum wheels, re-
action wheels and control moment gyros.

By way of emphasis that flywheels are al-
ways components of a system and that sys-
tem requirements dictate their design,
Figure 1 shows the installation at Prince-
ton University's Plasma Physics Laboratory
for supplying pulse power needed to pro-
duce magnetic confinement fields for the
ionized plasma used in fusion reaction
experiments. The installation consists of
three sets of generators, each set com-
prising a 7000 hp, 350 rpm motor, a 96-ton
flywheel and four generators. The total
energy requirement is 440 megawatt-seconds
for a power pulse of 1 second at maximum
current and the equivalent of about 1.2
seconds at maximum current for current
rise and fall time.

I thought you might like to see a
picture of a real flywheel (Figure 2).
This is the flywheel used in the Plasma
Physics Laboratory pulse power system and
is a good example of a classic flywheel
configuration. Energy storage density is
less than one watt-hour/1b.
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We are considering these aspects in our design.

Flywheels are always used as a buffer
store for energy in power systems between
a prime power source and the load. Fig-
ure 3 illustrates this point. The prime
source may be a wind generator, a portable
generator or a photovoltaic source and the
load may be a spacecraft momentum wheel,

a compact car or other device. In all
cases the flywheel and its subsystem com-
ponents, including housing, controiler and
power converter functions, is a secondary
energy source.

SOME SYSTEM CHARACTERISTICS OF RIM-ONLY,
COMPOSITE FLYWHEELS

In my company, we are considering

flywheels incorporating advanced technol-
ogy to obtain maximum energy density or
some other characteristic. Figure 4 shows
a wheel concept which has the best poten-
tial for storing the maximum energy per
pound of wheel. The wheel comprises a rim
as the only moving part. The rim is mag-
netically supported at several points.
The supports are part of a fixed struc-
ture. There is no physical contact be-
tween the rotating rim and the support
"bearings".

The supports contain linear motor/
generators which act as transducers in
accelerating or decelerating the rim,
therefore storing or extracting energy.




This rim-only concept is unique and
can be compared to the Stodola wheel. The
Stodola wheel, we know, is the ideal con-
figuration for materials with isotropic
physical strength characteristics. The
material is usually high strength steel.
Well-designed Stodola wheels can store
about 12-14 watt-hours per pound.

The thin rim, rim-only, magnetically-
supported wheel that incorporates high
strength, circumferentially-wound fibers
can store 60 watt-hours/1b. or more, de-
pending on the 1ife time desired. This
wheel configuration can exploit fully the
properties of anisotropic materials and
possesses other attributes that I will
touch upon.

Energy wheels are in competition with
other devices. Figure 5 shows the rim-
only energy wheel domain superimposed on a
plot showing the domains of other devices.
This plot has been extracted from an art-
icle titled "Batteries Power Urban Autos"
by Drs. Elton J. Cairns and James McBreen
of General Motors Research lLaboratories,
that appeared in the June, 1975 issue of
Industrial Research. It can be seen that
flywheels have the potential to compete in
the energy and power domains.

Energy wheel system characteristics
must be compared with those of other ener-
gy storage devices if one wishes to be
realistic. Shown in Figure 6 are some of
the main components of a flywheel {energy
wheel) system. Some of these components
must appear in all systems and all in some
systems, depending on the application.
Although ideal energy wheels may store
>60 watt-hours/1b. of wheel, system energy
density may be a small fraction of this
number, if considerable weight must be al-
located to housings, support structure and
so on.

From a systems point of view then, we
are interested in a number of considera-
tions. Figure 7 lists some of these.

Shelf 1ife must be considered if one
is called upon to compare energy wheels
with batteries. In Figure 8 we 1ist three
recently developed Stodola type wheels,
supported on shafts equipped with ball
bearings, and three magnetically supported
wheels, one of which is a thin rim-only
fiber wheel.

It can be seen that the torque/lb.
of supported wheel weight is Tower for
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magetically-supported wheels. The power
to overcome bearing torque must come from
the stored energy in a quiescent wheel.
Wheel B, a carefully-designed metal wheel
with very low friction bearings, will

lose all its stored energy in 34 hours or
less (if windage and other losses are con-
sidered).

Magnetically-supported fiber wheels,
on the other hand, have the potential for
much Tonger shelf Tife because they are
subject to lower bearing losses and con-
tain more energy/unit mass. One caveat,
however--magnetically-supported wheels
require power for suspension and this is
another Toss or drain on the stored ener-
gy. Wheel F rundown time is reduced, as
shown, if this Toss is included. It is
anticipated that suspension power loss
can be minimized.

Referring back to the system consid-
erations list in Figure 7, we note that
safety is a highly desirable character-
istic. ATl metal wheels fail violently
(usually in three pieces) and the debris
must be contained by heavy crash barriers
or housings. A fiber-magnetic wheel
should fail more gracefully by shredding
of the composite, heating of the compos-
ite, and probably some burst effects. It
is likely that a lTow weight Kevlar cloth
belt can be developed to contain all de-
bris with 1ittle hazard to people and the
wheel system support structure,

Systems dynamics is another area that
must be addressed, particularly for mobile
system applications--such as energy wheels
for cars, trucks, buses, etc.

Energy wheels must be fail-safe if
the vehicle overturns and wheel bearings
must not experience high loads due to
vehicle dynamics. Wheel systems may be
compliantly mounted on springs or gimbal
mounted as shown in Figure 9. 1In any
event, the energy wheel has to be designed
into the system and must meet the require-
ments involving inertial loading.

Energy wheel Tife is of considerable
importance if wheels are to compete with
other energy stores. A fiber rim-only,
magnetically-supported wheel has the po-
tential for long life. This type of
wheel does not experience bearing wear.
Life is ultimately determined by the sus-
tained Toad rupture stress and fatigque
stress properties of the composite rim.

It is not unreasonable to anticipate Tife-




times of 10 to 20 years and an almost un-
Timited number of charge cycles. These
attributes, plus the high power density
that energy wheels can be designed for,
would suggest that these devices will have
a good future.

Incidentally, you may be interested
in seeing a toroidal high vacuum enclosure
which can be used to house a rim-only,
magnetically-supported energy wheel (Fig-
ures 10 and 11). This enclosure was built
for another purpose. However, it is in-
teresting to note that this eight-foot,
nominal diameter enclosure is made of
aluminum with a thin wall section. Vacuum
enclosures for rim-only wheels can there-
fore be built to meet minimum weight re-
quirements.

Finally, there is the everpresent
problem of designing to cost. A rim-only
energy wheel is not likely to be Tess
costly than a conventional wheel for the
same performance. Both must show cost
advantages over storage batteries and must
meet economic criteria when used in dif-
ferent systems as indicated on this vu-
graph (Figure 7). 1In my company we are
developing cost models for energy wheels
and their subsystems, using the highly
successful RCA PRICE cost modeling tech-
nique of top-down cost estimating which
permits rapid estimation of the effect of
changes in system characteristics and man-
ufacturing techniques on product cost. It
would appear that energy wheels will be
cost effective for many applications.
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Fig. 2. 96 Ton Flywheel - One of Three
Used in Pulse Power Installation.
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Energy Wheel

Configuration

THE COMPOSITE STRUCTURE RIM IS THE ONLY MOVING PART IN THIS ENERGY STORAGE
SYSTEM. THE RIM IS STABLY SUPPORTED RADIALLY AND AXIALLY BY SERVOED ELEC-
TROMAGNETS. BACKUP HYDROSTATIC GAS BEARINGS MAY ALSO BE BROUGHT INTO
PLAY. LINEAR MOTOR/GENERATORS, MOUNTED IN THE SUPPORT ASSEMBLIES PROVIDE
TORQUE FOR RIM SPEED UP AND SLOW DOWN, AND EXCHANGE OF ELECTRICAL AND
MECHANICAL KINETIC ENERGY.

Fig. 4.
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ENERGY WHEEL SYSTEM

o WHEEL

o MOTOR/GENERATOR AND CONTROLS

o  SUSPENSIOM SYSTEM AND COMTROLS
o HOUSING (VACUUM)

o HOUSING (SAFETY)

o  SUPPORT STRUCTURE

o GIMBALS

o POWER CONDITIONER UNIT

Fig. 6. Energy Wheel System.
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1. SHELF LIFE
2, SAFETY

3. SYSTEM WEIGHT AND ENERGY
DENSITY/LB OF SYSTEM

L, SYSTEM DYMNAMICS
5. LIFE

6. COST"

CONVENTIONAL ~ FIBER-MAGNETIC

v/

v

*$,16~,25/PEAK WATT - TO COMPETE WITH LEAD ACID BATTERIES,

GOAL OF $,05/PEAK WATT T0O COMPETE WITH PUMPED STORAGE FACILITIES

FOR UTILITIES,

Fig. 7. An Energy Wheel is not Just a Wheel.
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R(EBA SHELF LIFE AND FRICTION

AstroElectronics TORQUE OF WHEELS

MECHANTCALLY MAGNETICALLY
SUPPORTED SUPPORTED

A B C D 3 F
WT, LB 7.88 (118,80 13,99| 33| 64 | 9.1
TORQUE, IN-0Z 2.68 | 20,39 1.98| .25 | .8 | .u13
TORQUE/LB 34l 170 .1u| ,0075] L0125 L0450
POKER LOSS, HTS/LB 37 .08 (,1255)""
STORED ENERGY, HT HRS/LB 12,5 60
MAXIMUM SHELF LIFE, HRS 34 750 (480)

* FIBER VHEEL
**INCLUDES GOAL OF 5 WTS/1000 LB OF SUSPEMDED WT
(REF, SAMSO PROGRAM ELEMEMT 65806F)

Fig. 8. Shelf Life and Friction Torque
of Wheels.

49
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ALLOW MAXIMUM
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SIDE
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EVACUATED =
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<y 0
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Fig. 9. Energy Wheel Suspension
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%
PROGRAM FOR COMPOSITE FLYWHEELS

T.T. Chiao and R,G, Stone
Lawrence Livermore Laboratory, University of California
Livermore, California 94550

ABSTRACT

The Lawrence Livermore Laboratory has mapped out a flywheel development program
intended to 1) provide a data base for engineering design, 2) solve some long-standing
problems of composites and 3) develop flywheel manufacturing processes. Information
generated will be disseminated promptly to industry.

In our studies of composites we will characterize fiber-resin matrices, measure
their static engineering properties, including those that are time-dependent, examine
failure criteria, reliability and fatigue resistance and study hybrid fiber resin
constructions.

We plan to build model flywheels and to evaluate techniques for their mass
production,

INTRODUCTION 2. Data generated from this program
should be basic data and should be
As a unit of the U.S. Energy useable generally for a composite
Research and Development Administration, flywheel of any design.
LLL is interested in many types of
energy utilization, including solar 3. To avoid confusion, experimental
power, geothermal steam, nuclear power, data from simple composite specimens
underground mining and coal conservation will be used to rank material
and wind power. Our mission also systems. Thus, the engineering data
includes development of techniques for developed will be based on realistic
energy storage and withdrawal, as in specimens.
flywheels.
4. We will disseminate credible
Studies of fiber composites suitable information to industry promptly
for flywheels have been underway in our through formal meetings, personal
laboratory for some time. Some of the contact, technical reports and
results available so far will be consultations.
described by members of our staff during
this symposium. SCOPE
This paper describes plans for the 1. Characterization of Material Systems
enlarged flywheel development program The candidate matrices are epoxies
now starting at LLL. and polyesters. The candidate .,
fibers are S2-glass, Kevlar 29,
APPROACHES Kevlar 49, E-glass and low cost
graphites. We plan to use matrix-
1. We plan to map out an overall impregnated fiber strands to
composite program and divide it into evaluate the fiber strength distri-
logical pieces, which can then be bution, density, and cost. Approx-—
selectively studied according to imately three composite systems
relative priority and available will be selected for in-depth study
funding. in the program.

*
This work was performed under the auspices of the U.S. Energy Research & Development
Administration under contract no. W-7405-Eng-48.

** 03 .
Reference to a company or product name does not imply approval or recommendation of
the product by the University of California or the U.S. Energy Research and Development
Administration to the exclusion of others that may be suitable.
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2., Static Engineering Composite
Properties for Preliminary Design

In a centrifugal field, the non-zero
stresses are:

g@, circumferential; OR, radial; and
RO, shear.

In testing composite materials, it is
more convenient to replace the
cylindrical coordinates, P-Z-R, with
rectangular coordinates, 1-2-3.

Using simple composite test specimens,
we will measure the elastic properties,
such as moduli (Eq1, E22, = E33, G12

= G13 and G23) and Poisson's ratios
(v12 = V135 V22> and Vy3) and strength
properties in tension (X1, X9 = X3)
and in shear (X5 and X6).l Initially,
these engineering design allowables
will be measured using composites that
have a volumetric fiber content in the
range of 75-80%.

3. Time—Dependent Engineering Properties

of Composites

Time-dependent properties such as
stress—rupture and creep are important
in considering long-term performance

of composites. We plan to study this
subject using matrix impregnated fiber
strands. Stress-rupture experiments
can be carried out in our existing
facilities.

4. TFailure Criteria and Reliability of
Composites

Failure criteria and the reliability
of composites are areas that require
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major study if composites are to be
used in long term applications. To
use flywheels safely in cars, for
example, we must be able to recognize
signs of impending flywheel failure
and have assurance that the wheel will
pulverize itself if it fails.

5, Composite Flywheel Manufacturing
Process Development

Mass production techniques and varia-
tional limits need to be evaluated to
bring the cost of the composite fly-
wheel down. We also plan to fabricate
some flywheel models for testing.

6. Hybrid Composites

The weakest property of any fiber com-
posite is in shear, particularly in
the thickness direction. Hybrid con-
struction that combines two or more
fibers in a common matrix is a very
attractive concept that would insure
strain compatibility and minimize
radial growth of a composite flywheel
under stress. We plan to develop
material and preliminary engineering
design data on several such systems.

7. TFatigue Resistance of Composites

Cyclic tension-tension (5 to 1007 of
design load) fatigue to simulate actual
applications of a flywheel is also
important. Depending on the design

of the fatigue machine, ring specimens
can be used. Data can be obtained at

a room temperature initially.

For some flywheel designs, fatigue
under shear or combined stresses may
be particularly important. In this
case ring specimens under cyclic
flexural loading is preferred.

PLANS FOR THE FISCAL YEAR 1976

This year we are concentrating on raw
materials characterization, static composite
properties and improved government-industry
interaction. However, we will make a
limited effort to study time-dependent
properties, such as stress-rupture, and
to improve the filament winding process.

CURRENT PROGRAM STATUS

1. TFor long term technical program planning,
1Ll has a team of distinguished con-
sultants to provide guidance:



Chamis, NASA - Lewis

Christensen, Washington University
Toland, Drexel University

Wu, Washington University

Dr. C.
Dr. R.
Dr. T.
Dr. E.

2, In the area of the epoxy matrix, we
have recommended several formulations 6.
for flywheel winding. Mr. J. Rinde will
summarize the details in a separate
presentation.

3. The key candidate fibers are E-glass,
S2-glass, Kevlar 29 and Kevlar 49. They
will be evaluated in terms of strength,
density and cost using both epoxy-
coated strands and NOL lab scale rings.
Dr. L. Penn will be reporting data
available to date in this area.

4. Static composite properties are im-
portant for preliminary engineering
design. Our data to date on Kevlar
49/epoxy and E-glass/epoxy will be
reported by Dr. L. Clements.

5. Long term performance of fiber com-
posites is vital for flywheel
applications. LLL has already
amassed up to 6 years of stress

NOTICE

rupture data on a couple of composites.
We have just begun to study creep in
the matrix. Ms. C. Chiao will sum-
marize these data later in this
symposium,

Bearings are key components in a fly-
wheel system. LLL has been studying
the magnetic system and performing
some experimental work. K. Aaland
and J. Lane will be presenting their
results.

CONCLUSIONS

LLL is anxious to help industry

develop flywheels as successful energy
storage devices.

We are:

1. Providing basic data which can be
used in any flywheel design.

2. Working to solve problems that can-
not be solved by any one company.

3. Screening and disseminating informa-
tion useful for flywheel design and
construction.

“This report was prepared as an account of work
sponsored by the United States Government,
Neither the United States nor the United States
Energy Research & Development Administration,
nor any of their employees, nor any of their
contractors, subcontractors, or their employees,

makes any warranty,

express or implied, or

assumes any legal liability or respousibility for the

accuracy, completeness or
information, apparatus,

usefulness
product

of any
or  process

disclosed, or represents that its use would not
infringe privately-owned rights.”

KFG/1t/1la




DESIGN, CONSTRUCTION AND TESTING OF ADVANCED COMPOSITE FLYWHEELS
AT THE U. S. NAVAL ACADEMY

Dr. Robert A. McCoy
Naval Systems Engineering Department
U. S. Naval Academy
Annapolis, Maryland 21402

ABSTRACT

Flywheels based on two configurations, an optimized disc and an optimized bar, will

be built by layup techniques from high strength E-glass/epoxy tape.

will be tested in an evacuated chamber.

INTRODUCTION

One hundred years ago the U. S. Navy
was using flywheel energy to propel its
Howell torpedo. Today there are numerous
naval applications of flywheels as energy
storage devices and for gyroscopic control
associated with the operation of ships,
submarines, aircraft, aircraft catapults,
rockets, and missiles. Thus the U. S.
Navy, Tike most other technically oriented
segments of today's society, is keenly in-
terested in technological advancement in
the area of flywheels.

In recent years the very high specif-
ic strengths (strength to density ratio)
of advanced filamentary composite materials
have led to the design and construction of
flywheels having new and highly efficient
configurations. The next logical step is
the design development of such flywheels
leading to the fabrication, testing, and
evaluation of promising designs. These
are the technical objectives of this pro-
ject being performed at the U. S. Naval
Academy.

FLYWHEEL CONFIGURATIONS AND MATERIALS

In optimizing the design of flywheels,
the selection of both the flywheel config-
uration and the materials used in their
construction are of vital importance.

Much Titerature has recently been publish-
ed surveying the most promising configura-
tions and materials along with their as-
sociated parameters, (References 1-5).
Tradeoffs among the flywheel parameters of
specific energy (energy stored per unit
weight of flywheel), specific volume
(energy stored per unit volume of fly-
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The 25-1b. models

wheel), and specific cost (energy stored
per unit cost of flywheel) must often be
performed.

For this project two configurations
were selected for further design develop-
ment: the optimized disc and the opti-
mized bar (Figures 1 and 2). Design
calculations are being based upon what
appears to be one of the most promising
materials available today for the con-
struction of advanced composites--Keviar
49/epoxy filamentary composites. The two
flywheel models to be built will weigh
approximately 25 pounds each and should
be able to store up to 1 kiWh if rotated
at the maximum allowable speed.

FABRICATION AND TESTING

The first models will be fabricated
of Scotchply SP-250 unidirectional pre-
preg tape. This tape is a high-strength
moldable E-glass/epoxy tape that will
cure at temperatures as low as 2500F and
at mold pressures of 50 to 100 psi. Ini-
tially several Tayup techniques will be
attempted to build up the desired config-
urations before the best technique is
selected.

The chamber for testing the flywheel
models is shown in Figure 3. Tests will
be conducted in a vacuum of 10-2 torr and
a maximum rotational speed of 5000 rpm.

The objectives of the tests will be
to verify the following:

1. structural integrity of the
models
2. shape factors




3. energy storage capacities
SUMMARY

A research project is now underway
at the U. S. Naval Academy to design,
fabricate, and test advanced composite
flywheels. The project is now emerging
from the design phase and entering the
model fabrication phase. Models up to
25 pounds in weight will be tested in an
evacuated chamber at speeds up to 5000 rpm.

So the Navy's future looks bright
with both advanced flywheels and women
Naval Academy officers to keep it running
smoothly and efficiently.
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funded by the Naval Material Command.
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KEVLAR/EPOXY FLYWHEELS: AN EXPERIMENTAL STUDY*

M. Moss and F. P. Gerstle, Jr.
Composite Materials Development Division 5844
Sandia Laboratories
Albuquerque, New Mexico 87115

ABSTRACT

Regardless of configuration, the energy density of a flywheel is some fraction of
the specific strength of the material of which it is made. Because those engineering
materials that have the highest specific strengths (filament-reinforced resins) are high-
ly anisotropic, there is no single optimum configuration for all such materials if their
mechanical properties are to be fully exploited. Based upon our analytical and experi-
mental studies, we have found that a highly efficient flywheel geometry for anisotropic
materials is a circumferentially-wound solid disk. Using flat disks 21 cm in diameter
and 3 cm thick, made from Kevlar 49 yarns that were wet-wound circumferentially with
epoxy resin, speeds of 21,000 rpm were achieved (the maximum in our present facility)
without visible damage to the disks. At this speed the energy density was 1.7 watt-
hour/1b.

*This work was supported by the U. S. Energy Research & Development Administration.
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Fabricated Kevlar 49-Epoxy Flywheels

Flywheel ~ ID oD t m v E E.*  Epoxy Cure
cm  (em)  m (kg _ AMsi)  (Msi)

A 1.0 20 3.0 1.2 044 86 1.0 a 2 days 70%F +
16 h 165%
B 1.0 2 3.1 L3l 0.63 123 1.0 a 2 days 70°F +
16 h 165°%

C 2.0 4 6.0 105 061 122 L1 a 70%
D 2.0 2 6.0 291 070 12.0 1.2 b 16 h 70% +
2 h 130

(step cured)

* Measured ultrasonically.

3 DR 332/ Jeffamine T-403: 100/36
b bEr 332/DER 732/ Jeffamine T-403:30/20/36

TEST RESULTS

Maximum Strain (%)

Calculated Measured
Flywheel Max. Speed Energy Density Failure Mode Radial  Hoop Radial  Hoop
(10? rpm) (Wh!lb)
A 21 1.7 None 0.078  0.057 - --
B 21 1.7 None 0.067  0.04l -- --
C 16.2 3.9 Circumferential 0.16 0.11 0.20 0.11
crack
D 19 L5 Flywheel damaged as  0.072 0. 045 - --

result of shaft failure
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CONCLUSIONS TO DATE

—

. Steady-state analysis supported.

2. Failure controlled by radial tensile strain.

3. Fabrication and curing stresses must be controlled.

o * al &l
SANDIL INDUSTRIAL F%Y(}]ﬁaﬂapﬁici
i
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GARRETT'S OUTLOOK ON VEHICLE FLYWHEELS

J. A. Friedericy and A. E. Raynard
Garrett Airesearch
2525 West 190th Street
Torrance, California 90509

ABSTRACT

The following viewgraph presentation has been given by Garrett at the Flywheel
Technology Symposium hosted by the Lawrence Livermore Laboratories, November 10, 11,

12, 1975:
1. ENERGY STORAGE CAR (R32)

This viewgraph presents a picture of
the MTA32 subway car running in New York
and the introduction of a schematic of the
flywheel-flywheel motor system.

2. PROPULSION SYSTEM SCHEMATIC

This chart describes the schematic
of the propulsion and energy storage elec-
trical networks.

3. ESC FEATURES

The goodness of the energy storage
principles are summarized in this chart.

4. ENERGY SAVINGS

Typical percent energy savings are
plotted against station dwell time. The
savings in terms of the energy storage car
with the flywheel and without the flywheel
are shown in graphic form.

5. DESIGN CONSIDERATIONS

This chart summarizes the four major
areas that need to be considered on the
design of an energy storage car. The four
areas are:

Material selection for the flywheel
rotor

Specific energy capabilities of the
flywheel rotor

Design for safety, and

Flywheel system efficiencies (losses)
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6. MATERIALS FOR FLYWHEEL APPLICATIONS

This chart shows candidate materials,
steel as well as composite, in terms of
their working stresses, specific strengths
and raw material cost per pound.

7. ROTOR SPECIFIC ENERGY

This chart presents in graphic form
watt-hrs/1b that can be expected from
steel and composite material flywheels.
Its purpose is to illustrate the superi-
ority of the composite material flywheel
over the steel flywheel in terms of speci-
fic energy.

8. DESIGN FOR SAFETY

In this chart the pros and cons of
safe Tife vs fail safe design are summar-
ized. Typically, safe life design is re-
quired for steel flywheels since fail
safe design (containment) for these fly-
wheels is expensive and very heavy. Com-
posite material flywheels are much easier
to contain and require much Tess material
(steel) to do this. Further, safe Tife
design is expensive because it requires
inspections at regular intervals. This
is not required in fail safe design since
the containment ring is not expected to
deteriorate during service 1ife.

9. CONTAINMENT COMPARISON

A comparison is given between con-
tajnment requirements for steel flywheels
and containment requirements for composite
material flywheels. The reasons why this
is so are also given.




10. ENERGY SAVINGS DUE TO FLYWHEEL
STORAGE

The dependency of the effectiveness
of the flywheel energy storage approach
is demonstrated here in terms of station
distance.

11. TYPICAL ENERGY STORAGE FLYWHEEL--
ROUND TRIP LOSSES

Percent losses are given for the
various components in the flywheel and
shows percent losses in bearings, seals,
pumps, and windage losses. Also given
are the percent losses in the electrical
systems, such as the fiywheel motor and
traction motor, as well as mechanical .
Tosses in the gearboxes.

12. GEARBOX LOSSES VS LOAD/SPEED

The changes in gearbox losses 1in
terms of operating speed levels and me-
chanical torque load levels are plotted.

13. BEARING LOSSES/SEAL LOSSES VERSUS
LOAD/SPEED

This chart demonstrates the impor-
tance of minimizing bearing/seal losses.

14. WINDAGE LOSSES VS SPEED/HOUSING
PRESSURE

The windage losses of the rotor are
shown in terms of the vacuum levels 1in
the housing. It shows the amount of vac-
uum pressure required such that windage
losses are not significant.

15. COMPOSITE FLYWHEEL VIEW

The purpose of this chart is to make
the audience aware that AiResearch is in-
volved in studying a composite material
flywheel under a MERDC contract.
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ENERGY STORAGE ADVANTAGES

® REDUCTION IN POWER CONSUMPTION
@ REDUCTION IN TUNNEL HEATING
® SAFETY FEATURES DURING POWER LOSS

® INCREASES CAPACITY OF EXISTING SYSTEM

66




SANOJ3S ‘dOLS NOILVLS

0s ov 0g 0z oL
J
\G ooze
| P S oove
N\ waisas
\M 13IHMATS L m
4V 141 z
oo 3
/ o
<
W3 1SAS Q
I3IHMAE Z 008 >
w
%L°'SE 01 L'TE ced S
SONIAVS 3
| ADYH3INIT 000t nHU.
2
=
oozy 3
n
I
o
C
(10144 X
%E°0E S
SNOILVIS SONIAVS >
9L “INZ'LY ADY3IN3 X
NOILJWNSNOD ooy =
H3IMOd NivHl -
V. V1DAN JOHINOD -
14VHS WvD_ |
zey | 008V
T = 0005

SONIAVS ADY3NA

d13uuVO

N g

67




DESIGN CONSIDERATIONS

MATERIALS FOR FLYWHEEL APPLICATION
ROTOR SPECIFIC ENERGY
DESIGN FOR SAFETY

FLYWHEEL SYSTEM EFFICIENCIES

MATERIALS FOR FLYWHEEL APPLICATIONS

\USABLE" TENSILE STRENGTH/DENSITY RELATlVEERéL\TING
ULTIMATE | STRENGTH, KS! IN.-LB/LB x 108 RAW ___STRESS
TENSILE MATERIAL | DENSITY / COST
STRENGTH| LONG |SHORT |DENSITY | LONG SHORT | COST IN.-LB/S
MATERIAL KSI TERM | TERM LB/IN. | TERM TERM $/LB LONG TERM
STEELS
4340 STEEL 220 140 160 0.283 0.49 0.56 0.90 0.54
HP 9.4-20 200 140 160 0.284 0.49 0.56 2.90 017
18 Ni (300) 300 150 200 0.289 0.52 0.69 6.00 0.09
COMPOSITES
£-GLASS EPOXY 200 120 150 0.080 1.50 1.87 1.20 1.25
S-GLASS EPOXY 300 180 225 0.079 2.28 2.84 1.90 1.20
KEVLAR-EPOXY 280 170 210 0.052 3.27 4.04 4.80 0.68
GRAPHITE-EPOXY 230 140 170 0.058 2.41 2.93 44.00 0.06
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ROTOR SPECIFIC ENERGY

L
S—GLASS CYLINDER
150 KE _ g WATT-HR
WT LB
9
3 STEEL
) | __ | STEEL
{100 FLAT DT'STCHR SHAPED DISC
= nE = oWATLHR e WATTHR
» WT LB
50
0 i 3000
1500 2000 2500
PERIPHERAL SPEED, FT/SEC
DESIGN FOR SAFETY
SAFE LIFE FAIL-SAFE

FRACTURE MECHANICS
INSPECTION INTERVAL

INSPECTION
ACOUSTIC HOLOGRAPHY
FLUORESCENT PENETRANT

MAINTENANCE

ACOUSTIC HOLOGRAPHY
FLUORESCENT PENETRANT

¢ MORE APPLICABLE FOR METAL
FLYWHEELS

® COSTLY

CONTAINMENT DESIGN

ATTACHMENTS DESIGN

e LIGHTER WEIGHT DESIGN
WITH COMPOSITE FLYWHEELS
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CONTAINMENT COMPARISON

METAL FLYWHEELS

DESIGN FOR PIERCING

COMPOSITE MATERIAL FLYWHEELS

DESIGN FOR HYDRODYNAMIC BURST

FORCES TO GROUND FROM BURST OF A COMPOSITE
MATERIAL FLYWHEEL ARE ESTIMATED TO BE 20 PERCENT
OF THOSE EXPERIENCED BY A METAL FLYWHEEL

ENERGY SAVINGS DUE TO FLYWHEEL STORAGE

1 - ;-_‘ —
~
. / \\ \\Wf’ﬁ/\
O
2 6
> %0 B =
<>,3 \ %0 \
O
E \\
Z 20
-
2
L
Q
o
LL}
o 10
80 MPH MAX. SPEED
3.0 MPHPS INITIAL ACCELERATION
0
0 0.2 0.4 0.6 0.8 1.0 1.2 1.4
GMEE" STATION TO STATION DISTANCE, MILES
70




TYPICAL ENERGY STORAGE
FLYWHEEL ROUNDTRIP LOSSES

@® STANDBY LOSSES AT 100 PERCENT RPM

e WINDAGE, FLYWHEEL

e ROTOR BEARINGS (2)

e ROTOR SEALS (2)

e PLANETARY GEARS (NO LOAD)
® PLANETARY BEARINGS (6)

e LUBRICATION PUMP

e VACUUM PUMP

® INPUT/OUTPUT EFFICIENCY AT RATED LOAD

e ELECTRICAL — FLYWHEEL
e ELECTRICAL — TRACTION MOTOR
e GEARBOX — FLYWHEEL

e GEARBOX — TRACTION MOTOR
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TYPICAL GEARBOX LOSSES VS LOAD/SPEED

100% LOAD

13 ‘ 1 w
1 100% LOAD = 99-2%
12
MAX. LOAD = 1500 HP /
1 //
10 /
9 / y
8 , '
T 7 / LOAD LOSS
o /
& 6
S /
5 - 5
) /
3 yd
~ —Y 0% LoAD
/
1 ~ ,//
1 | ——
° 3 _YCHURNING
0 10 20 30 40 50 60 70 80 50700 o

i

N, PERCENT RPM
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TYPICAL BEARING LOSS VS LOAD/SPEED

1.2 : |
® ROLLER BEARING, 70 MM BORE —
® N = 11,000 RPM
® LOAD = 650 LB
1.0 ® ToL = 250°F /
0.8 //
o / CHURNING
T LOSS
+ 0.6
A /
o]
= /
04 /
/
/
/
0.2 /,/
i 2
/ /,_———"—'_‘_—_—_?
~ o — | _LOAD
I R, LOSS
0 —t T |
0 10 20 30 40 50 60 70 80 90 100

N, PERCENT RPM
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ROTOR WINDAGE LOSS

% .0 |
N 4.0 9?\1\/
] 735/000/
B 2.0 —
4 ]
- LA
& 1.0 7
< .~ Q"?‘?“
8 0.6 /// ‘\‘\‘ng/
2 04 A - L
g / // /1100
o 02 // //’ =
o /
% 0.1 / / o
) ) // o V//
g 0.06 /// /‘
> 0.04
- / / CYLINDER GAP = 0.25 IN.
> / P SIDE GAP = 0.50 IN.
o 0.02 4 Ve 1 i [
- CYLINDER DIA = 23 IN.
< / CYLINDER LENGTH = 11 IN.
£ 001
|—-
0.006;75 10.0 100.0 7000.0 70,000.0

PRESSURE, MICRONS
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TYPICAL COMPOSITE
FLYWHEEL-ROTOR CONFIGURATION

SELECTED CONCEPT FOR 20,000 RPM ROTOR SPEED — TYPICAL

30.2 DIA
(FIM)(AVG)

31.0 DIA

[) ___________ |\| (HUB)
}

l\i __________ _jA 37.7 I(Z)AI\A/G)

=
21 RINGS =] |
2.0 TYP—» le—
A 28.0 >
SEC A-A
WEIGHT FEATURES
‘ RIM — 580 LB KEVLAR/EPOXY RIM STRESS, UNIAXIAL — SIMPLIFIED FABRICATION
HUB — 170 LB ALUMINUM INTERFERENCE FiT, 4 SPOKES TO RIM — ROTOR

DYNAMIC STABILITY

STATUS — PROVEN CONCEPT
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IMPROVED FUEL ECONOMY IN AUTOMOBILES BY USE OF A FLYWHEEL ENERGY MANAGEMENT SYSTEM

A. A. Frank and N. Beachley
Associate Professors
Department of Electrical and Computer Engineering
University of Wisconsin
Madison, Wisconsin 53706

ABSTRACT

A high-performance, Tow fuel consumption automobile is being built that will con-
tain a flywheel package powered intermittently by a standard internal combustion engine
and connected to the road through two transmissions arranged in series. The design of
the 23-inch diameter, steel alloy flywheel is based on current technology. The flywheel
will run in a vacuum and will have useable energy storage of 2/3 hp-hr, maximum windage
of T hp at maximum speed, a maximum torque transmission capability of 250 foot pounds,
overspeed protection and protection against locked bearings. Special controls and in-
strumentation peculiar to this design will be necessary, since the torque-converter
transmission will be used for both propulsion and regenerative braking. Computer simu-
lation of operating aspects shows that a standard 1976 car modified to the new design

should have 58% better gasoline mileage.

If certain other design improvements can be

realized, ultimate gasoline mileage could be 117% better.

INTRODUCTION

A standard automobile engine driving
a modern, contemporary automobile cannot
operate at its best thermal efficiency at
all times. The engine must perform over a
wide torque-speed range, yet in standard
city driving it must operate in a so-
called idle-mode much of the time. In
today's society fuel economy is becoming
increasingly important, and non-productive
modes , such as idle, and inefficient modes
such as low-torque, high-speed operation,
should be eliminated.

Also, safe acceptable performance in
city driving requires that the brakes of
an automobile be used to slow it down.
This kind of braking is inefficient be-
cause it turns kinetic energy into heat.
If one were not interested in performance,
it would be possible to drive a vehicle
without brakes, using only aerodynamic and
rolling friction to slow down the car.

But traffic as we know it today will not
tolerate such a pattern of driving. Re-
generative braking that re-uses this
energy will be required if maximum fuel
efficiency is to be achieved.

A flywheel power plant system is be-
ing built at the University of Wisconsin
that we believe will retain the desirable
features of present-day automobiles, but

will improve fuel economy considerably
and will minimize pollutant emission.

The system will be installed in a 3,000-
pound vehicle to be completed in the sum-
mer of 1976.

SYSTEM DESCRIPTION

The configuration of the proposed
flywheel engine vehicular system is shown
in Figure 1. This particular configura-
tion has been chosen because of practical
considerations and efficiency.

The design features of this automo-
bile are that it must have equal or bet-
ter performance than the standard unmodi-
fied vehicle in all respects. The per-
formance criteria are: acceleration from
0 to 60 mph, top speed, gradability and
braking performance. These constraints
dictate that the engine in this vehicle
be approximately the same size as the
engine in the standard vehicle.

The system configuration consists of
two transmissions in series: a standard
four-speed manual shift transmission and
a continuously-variable transmission unit.
The continuously-variable transmission is
designed to be integral with the standard
rear axle assembly, necessitating four-
wheel independent suspension. The reason
for using two transmissions is to provide



a system which can operate at its best
efficiency with off-the-shelf components.

The flywheel package is based on cur-
rent, proved technology. An installation
sketch of the flywheel system is shown in
Figure 2 and Figure 3 shows the flywheel
configuration and the vacuum housing plus
the steel protective system. The flywheel
runs in a vacuum at 11,000 rpm. Wheel
disc diameter is approximately 23 inches.
Full safety -protection is provided.

The basic flywheel system specifica-
tions are: useable energy storage: 2/3
hp-hour, maximum windage: 1 hp at maximum
speed, over speed protection, and locked
bearing protection.

The flywheel design is based on cur-
rently sponsored government research.
Material is steel alloy, and the maximum
torque transmission capability is 250 ft-
1bs. The basic continuously-variable
transmission (CVT) features are: ratio
range - 3.5:1, power split principle for
good efficiency, and torque control (that
is, the driver's foot commands torque and
the ratio is adjusted to provide the de-
manded torque). An internal spur gear
differential is used for power splitting.
Torque capability of the CVT is + 400 ft-
1bs. Top speed is designed for 80 mph
vehicle speed. The CVT configuration is
shown in Figure 4.

Figure 5 shows the vehicular controls,

that is, the acceleration and braking con-
trols of the CVT. The control system uses
pressure feedback torque control for both
acceleration and braking. This is accom-
plished by feedback of hydrostatic system
pressures to a control valve which con-
trols the continuously-variable ratio
pistons. The particular design uses a
single valve to accomplish both accelera-
tion and braking. Maximum control torque
is plus or minus 400 ft-1lbs. This kind of
control is necessary to minimize problems
with stability.

In addition to the CVT controls there
are other special controls and instrumen-
tation required for driving this particu-
lar vehicle. These are shown in Figure 6.
In addition to the standard operating
equipment in a vehicle (i.e., the clutch,
brake, shift lever, accelerator pedal,
steering wheel and speedometer) there is
an engine start clutch lever, a gear shift
meter, gear shift indicators, a gear shift
warning light, a flywheel speed meter,

a vehicle velocity function meter, a min-
imum charge warning light, a maximum
charge speed warning light, and an engine
start Tight. It should be pointed out
that all these controls are easily auto-
mated, thus a production vehicle would
only have accelerator and brake pedals
and perhaps a flywheel charge meter.

The system has been designed using
both an all-digital program and a real-
time hybrid computer version of the pro-
gram to test driver reaction to all the
additional instrumentation and controls.
A11 component losses have been calculated
on a continuous basis in the simulation
program. They have been modeled from
test data obtained from component manu-
facturers.

The results of the simulations show
that the standard 1976 vehicle can be
modified to provide a 58% improvement in
gas mileage with an ultimate developed
potential of 117% improvement. An energy
comparison table is shown in Table T.
Here we see three columns: the first
column indicating the standard 1976 2.3
1iter vehicle and its various energy con-
sumptions and mileage on the bottom Tine.
The second column (middle column) is the
proposed vehicle discussed here and its
various energy losses and utilization.

It is important to note that the
flywheel and continuously-variable trans-
mission use up about as much energy as
was used up in the standard vehicle for
deceleration and braking over the EPA-CVS
cycle. It is further important to note
that the idle and coast conditions use up
as much fuel as is required to supply
energy for the flywheel gears, the charge
pump, excess brakes, engine clutch, en-
gine inertia, and engine start. Thus,
there is very little difference between
the total amount of work done by the ve-
hicles. The gain, however, is in the fact
that the brake specific fuel consumption
can be reduced from an average of .808
1bs. of fuel per hp-hour to .50 1bs. of
fuel per hp-hour.

It should be pointed out that both
vehicles are assumed to be of the same
inertial weight. This is possible in a
production vehicle because of system
integration and component development.

The third column is important to
concentrate on because it shows what the
potential of the concept is. Note:




1. The four-speed transmission can be
eliminated and its function included in a
specially-designed continuously-variable
transmission.

2. The flywheel system parasitic losses
can be reduced by half by advanced design
bearings and use of lighter weight wheels.

3. The losses in the continuously-vari-
able transmission can possibly be reduced
by half by application of new hydrostatic
design concepts.

4. The charge pump.can be designed, by
use of a varjable delivery system, to have
approximately 1/6 of the loss now pres-
ently experienced.

These four improvements would allow one to
obtain approximately 52 mpg for a 3,000-
1b. car over the EPA-CVS city cycle as
compared to the standard vehicle's 24 mpg
for-a 117% improvement.

We must Took at the possible expected
loss of fuel economy as a result of future
new emissions standards. As the standards
become more restrictive, the estimates for
a standard vehicle and the hybrid flywheel
vehicle are as shown in Table 2. It
should be noted that a degradation in
mileage occurs in both vehicles. These
estimates are made by the automobile man-
ufacturer involved in this particular
project.

A continuous time simulation of the
flywheel vehicle over the driving cycle
is shown in Figure 7. The top trace shows
the driveshaft torque. The 2nd trace
shows the flywheel speed and the 3rd trace
shows the engine speed. It should be
noted that the engine is on at the begin-
ning to give the flywheel its initial
charge, and then comes on four more times
during the cycle. The 4th trace is the
vehicle speed over the EPA-CVS city driv-
ing cycle. The Tast trace shows the engine
torque.

Note that the engine torque is not
constant, but rather follows the wide-open
throttle engine torque-speed character-
istics. Note also that there is consider-
able energy left in the flywheel at the
end of the cycle. A number of possible
alternatives have been suggested to use
this energy. One way may be to have a
homing mode in which the Tast flywheel
charge from the engine brings the flywheel
to a speed corresponding to the distance
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required to travel which will be much

Tess than the maximum. Another possible
alternative is to use the flywheel energy
at the end of the cycle to charge the
battery of the vehicle. If we keep the
battery only partially charged while driv-
ing, this technique seems entirely prac-
tical.

The second trace shows the effect of
regenerative braking, in which the fly-
wheel speed increases as the vehicle is
braked. Regenerative braking continues
until the transmission is no longer able
to provide the proper ratio, which occurs
at approximately 5 mph. Below this speed
the regular vehicle brakes must be used.

There are four current program ob-
jectives:

1. To perform component tests to obtain
verification of component data and to ob-
tain new data where data are not current-
ly available.

2. To investigate control techniques,
stability of operation, ease of operation
and computer control aspects of the ve-
hicle control system.

3. To evaluate engine operation impacts
on emissions, on temperature and heat
control and on insulation requirements.

4. To compare theoretical and actual per-
formance with respect to mileage and emis-
sions.

After initial assessment, transmission and
engine modifications may be required. The
computer program will be used to assess
the necessary modifications.

After the demonstration vehicle is
constructed and tested, future programs
will include continued investigation of
advanced hydrostatic transmission con-
cepts such as the use of balanced force
systems to minimize bearing load and re-
duce parasitic losses, and of techniques
to reduce pumping and flow Tosses. The
objective will be to achieve maximum ef-
ficiency with a wide ratio range. The
flywheel vehicle requires a ratio range
determined by the maximum vehicle speed
and minimum flywheel speed. Typically
a ratio range of 20:1 is required. By
use of some special techniques this can
be reduced to about 10:7 as in the ve-
hicle being constructed.




Other transmissions will also be in-
vestigated, such as an electric transmis-
sion, a multi-gear torque converter trans-
mission, traction drive transmissions, and
possibly other drive systems.

A11 of these continuously-variable
transmission systems will be studied by
simulation and designed for maximum fuel
economy, mechanical simplicity and relia-
bility. The objective will be a fully
automatic transmission system. Vehicle
size effects will be investigated with
respect to 1500 1b., 3000 1b., and 10,000
1b. vehicles. System weight, of course,
will be a primary parameter and must be
considered in any design evaluation. Re-
liability must also be given a high pri-
ority.

The design and construction of an ad-
vanced continuously-variable transmission
will then be undertaken. This will be
based on a computer-optimized design using
realistically measured dynamometer data
for all components. The purpose of the
construction exercise is to assess the
control aspects, shifting criteria, clutch
losses, ease of control, relfability and
the feasibility of a fully automatic sys-
tem.

Flywheel subsystems will continue to
be investigated with respect to such ve-
hicles. Of course advanced flywheels,
that is composites, will be evaluated with
respect to overall system impact. Other
flywheel configurations will be considered.
For example, a variable inertia flywheel
whose use would eliminate the need for a
continuously-variable transmission appears
to be an interesting idea. However, the
complexity of such a wheel and the weight
impact may offset entirely the elimination
of the CVT, thus the overall system must
be studied for feasibility. It is antici-
pated that a flywheel subsystem will be
incorporated into the continuousiy-vari-
able transmission to give a single mechan-
ical package. The flywheel subsystem,
however, would be subcontracted.

Finally, the system will be installed
in a vehicle and evaluated. Driveability
of this automobile system will be assessed,
measured fuel consumption and emissions
data taken, and vehicular weight and cost
impact will be evaluated.
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CONCLUSIONS

It has been demonstrated by computer
techniques that a vehicle containing an
integral high-speed flywheel can have
greatly enhanced fuel economy within emis-
sion constraints. Further, current ve-
hicle performance levels can be completely
retained.

The program described will evaluate
practical consideration of flywheel sys-
tems in automobiles. It will concentrate
on the most important aspect of the fly-
wheel system, which is the transmission
that connects the flywheel to the road.
The main objective of the program is sys-
tem overall efficiency. Thus, parasitic
losses in all components are being mini-
mized by careful system design. It should
be noted that if the system is put to-
gether without extreme care to control the
parasitic Tosses, it is very easy to ob-
tain a vehicle with worse mileage per-
formance than the standard unmodified ve-
hicle. Finally, a carefully designed
flywheel-engine system provides a real al-
ternative for future transportation.
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EPA-CVS CYCLE

STANDARD 1976
2.3 LITER VEHICLE

ENERGY COMPARISON

1976 FLYWHEEL
2.3 LITER VEHICLE

POTENTIAL FROM
CONTINUED R & D

ITEMS (HP-SEC) (HP-SEC) (HP-SEC)
Road Load 3700 3702 3702
Rear Axle 470 536 536
Transmission 648 648 200%*
Flywheel 855 400
Deceleration 2555
and Brakes CVvT 1809 900%*
Total (+) Work 7373 FW Gears 172 172
Charge Pump 634 100
Excess Brakes 50 50
Idle & Coast
Fuel 0.25 1b 1111* Engine Clutch 99 99
Engine Inertia 93 93
____ Engine Start __66 __66
Total Work 8484 8664 6318
Fuel for (+) Work 1.655 1b 1.202 1b 0.876 1b
Fuel Total 1.905 1b 1.202 1b 0.876 1b
(+) BSFC 0.808 T1b/HP-HR 0.50 1b/HP-HR 0.50 1b/HP-HR
Mileage 24.0 MPG 38.0 MPG 52.0 MPG
Improvement 58% 117%

*Equivalent Work Computed at 0.808 1b/HP-HR

**A Single CVT Package Will Replace Both Units

ENERGY COMPARISON TABLE

Table 1.




EXPECTED LOSS IN FUEL ECONOMY AS A FUNCTION OF EMISSION STANDARDS

2.3 Liter 2.3 Liter

Emission Standard Manual Hybrid Vehicle
Standards, 24.0 mpg, 38.0 mpg,
gms/mi percent 1oss percent loss

1976 HC 1.5

49 states Co 1.5 -—- -
NO 3.1

1977 HC 1.5

49 states CO 15 4 - 5% 5 - 10%
NO 2.0

1976 HC .9

California €0 9.0 11 - 12% 5 - 10%
NO 2.0

1977 HC .4

California €0 9.0 24 - 33% 10 - 15%
NO 1.5

1978 HC .41
Co 3.4 Unknown Unknown
NO 0.4

Table 2.
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Engine calibrated

4-speed

for low emissions & l;r;gr?:nil'-ssshgfr: Continuously -variable
low bsfc at Standard 551 transmission unit
full-throttle shift (hydrostatic power-split)
operation clutch
\ Engine CVT ,
clutc/h \differenﬂol

0 0 Shortened

driveshaft
Flywheel/ Hydrostatic /

package transmission

Standard rear \
axle assembly-

SYSTEM  CONFIGURATION

Fig. 1.
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FLYWHEEL CONFIGURATION

Fig. 3.
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4500 rpm 200 ft Ib

4500 rpm

50 mph

100 ft Ib

- Driveshaft torque

Flywheel speed

Engine speed

A WA T A

Vehicle speed

A | -

Engine torque

Fig. 7. Recorder traces of a flywheel
vehicle simulation over the
EPA-CVS city driving cycle
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POLAR WEAVE COMPOSITE FLYWHEELS

A. M. Garber
Re-Entry and Environmental Systems Division
General Electric Company
P. 0. Box 8555
Philadelphia, Pennsylvania 19101

NOTE:

INTRODUCTION

Since the maximum specific energy
that can be stored in a flywheel is pro-
portional to the strength/density ratio
of the material from which it is made,
there has been considerable interest in
the utilization of advanced composite
materials. Attempts to utilize the high
strength of unidirectional composites have
resulted in concepts that are not effic-
ient, are too flimsy, and in the case of
filament wound wheels rely on the Toad
carrying capability of the unreinforced
matrix materials to carry radial tensile
loads. To date performance has been dis-
appointing in that theoretical estimates
of performance have not agreed with test
results.

GE-RESD has developed a three-dimen-
sional reinforced composite material Polar
Weave. Polar Weave, a G.E. proprietary
process, was developed several years ago
to meet the severe mechanical and thermal
environments experienced by re-entry
vehicle nose-tips. Its potential applica-
tion to high energy flywheels was jdenti-
fied just recently, and preliminary eval-
uations to date are most encouraging.

BACKGROUND

Polar Weave is a derjvative of a
general class of three-dimensional orthog-
onal composites developed by General Elec-
tric's Re-Entry and Environmental Systems
Division (GE-RESD) to provide character-
istics not attainable in typical rein-
forced composites or two-dimensional re-
inforced plastics, such as filament wound
composites. These are high strength and
improved shear capability in all direc-
tions. Polar Weave was found to be par-
ticularly effective in those geometries
and Toading conditions in which the princi-
pal stress directions are coincident with
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This paper arrived too late to include the figures in this proceedings.

a cylindrical coordinate system which is
just what a spinning disc is. Both cylin-
drical and conical bodies have been pro-
duced. While the bulk of our activities
with Polar Weave has centered around
carbon-carbon materials, there has been
sufficient work done with most plastic
matrix materials (epoxy, phenolic, etc.)
and advanced fibers (graphite, boron,
glass, etc.) to provide a high degree of
confidence that a strong tough epoxy base
system can be woven and processed success-
fully. '

In order to perform reliable design
calculations, GE-RESD has developed a
sophisticated analytical methodology util-
izing three-dimensional finite element
techniques on a macroscopic and micro-
mechanical Tevel. These two approaches,
coupled together and reinforced with ex-
perimental data, provide a powerful tool
which is in place at GE-RESD and can be
applied effectively to the flywheel prob-
lem. Since Polar Weave consists of uni-
directional high strength filaments align-
ed in the radial, circumferential, and
axial directions, it is possible by vary-
ing the number and kind of filaments in
each of the three directions, to provide
a broad spectrum of stiffness and strength
levels in each direction. Since the weave
variation can be changed as a function of
radius, it is possible for the designer
to specify a Polar Weave design where
density, stiffness, and strength can be
tailored to provide a near uniform stress
distribution in the disc within a paral-
lel-sided composite disc. Thus, Polar
Weave has the potential of providing a
constant stress situation in a parallel-
sided disc with the high strength to
density ratio of composites. The control-
lable and variable anisotropy provided
through the Polar Weave process will pro-
duce higher values of weight and voTlume
efficiency factors than those concepts




based upon essentially one-dimensional
composite materials.

FLYWHEEL APPLICATION

Preliminary calculations using real-
istic estimates for strength and stiffness
values indicate that energy densities of
40 watt-hrs/1b can be obtained with an
Epoxy-Kevlar 49 Polar Weave design. A
typical solution would be a wheel, 36
inches in diameter, 12 inches thick,
operating at slightly in excess of 20,000
RPM. This configuration would weigh ap-
proximately 625 1bs and store 25 KW hrs.
Doubling the length would provide 50 KW
hrs. Power would be transmitted to and
extracted from the wheel by means of a
metallic shaft approximately three inches
in diameter. Another unique aspect of
the Polar Weave concept is the fact that
the shaft is initially part of the weave
fixturing. Axial and circumferential
grooves are machined in the shaft and the
disc fibers are woven directly into the
hub resulting in an integral disc-shaft
interface. Thus the load transfer mech-
anism between the two does not depend
entirely upon adhesion between the matrix
and the metal surface of the shaft, but
is substantially aided by fiber reinforce-
ment action. The shaft is an integral
part of the flywheel and remains with the
wheel throughout the entire fabrication
cycle.

The simple geometries attainable with
Polar Weave result in efficient packaging
and eliminates many of the dynamic prob-
Tems found in other concepts, which are
quite flimsy from a vibrational viewpoint.
The Polar Weave wheel can be treated as a
rigid body over the operating range of
frequencies. Our preliminary analyses
indicate there are no natural modes of
vibration in the flywheel close to any of
the possible speed ranges.
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BEARING AND ELECTRICAL INPUT-OUTPUT FOR FLYWHEEL ENERGY STORAGE SYSTEMS

A. F. Veneruso
Division 5715
Sandia Laboratories
P. 0. Box 5800
Albuquerque, New Mexico 87115

ABSTRACT

As an ERDA laboratory, Sandia's interest in flywheel energy storage stems from our
capabilities in systems integration and advanced composite materials and considerations
for storage in our solar and wind energy conversion projects. In other talks, Frank
Gerstle and Bob Reuter, both of Sandia, cover various theoretical and experimental as-
pects of the flywheel itself. In this talk I present a tutorial review of magnetic
bearings and electrical input-output for flywheel systems. This presentation is the re-
suit of discussions between Sandia Laboratories and the industries shown on the third
viewgraph. In our flywheel/hybrid systems project for vehicles, Sandia Laboratories is
basically a catalyst for the development of these systems by private industry. Hence
the industry 1ist given is in no sense restrictive. This presentation begins with basic
principles, gives application examples and suggests avenues for future research and
prototype development.
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FLYWHEEL SYSTEM

COMPONENTS

[soTROPIC

°FLYWHEEL{
COMPOSITE

e BearinGs § CONVENTIONAL
MAGNETIC

o INPUT/0OUTPUT
SYNCHRONOUS

INDUCTION
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SEPARATE
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COMBINED

VARIABLE SPeeD FLYWHEEL DRIVE
VARIABLE SPEED TRACTION MoTorR DRIVE
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& CONTAINMENT
Vacuum
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INDUSTRY CAPABILITIES FOR FLYWHEELS

ORGANIZATION EXPERTISE
AIRESEARCH INPUT/OUTPUT, CONTAINMENT
REGENERATIVE SYSTEMS
BATTELLE STRUCTURES, COMPOSITES, OVERALL

BeLL AEROSPACE

Borc WARNER

BrRUNSWICK

GENERAL ELECTRONIC
HiTTMaN ASSOCIATES
RockweLL INTERNATIONAL

SPERRY FLIGHT SYSTEMS

STANFORD RESEARCH INSTITUTE

UnioN CARBIDE

UNIVERSITY OF WISCONSIN

WesTINGHOUSE ELECTRIC

DESIGN
MATERIALS

INPUT/OUTPUT, CONTROLS

WHEEL DEVELOPMENT

INPUT/OUTPUT, WHEEL FABRICATION
SYSTEMS

SYSTEMS

MAGNETIC SUSPENSIONS AND
BEARINGS

WHEEL DEVELOPMENT

CONVENTIONAL BEARINGS, WHEEL
DEVELOPMENT, TESTING

CONVENTIONAL/FLYWHEEL CAR
SIMULATION, STUDIES

SYSTEMS, WHEEL DEVELOPMENT
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MAGNETIC BEARING
CHARACTERISTICS

 ADVANTAGES

*HieH RELIABILITY
* No WEAR
« No LUBRICATION
* No FATIGUE

ol ow STARTING AND TORQUE DRAG

sHicH SPEED CAPABILITY

«Low No1SE AND VIBRATION

«No SiNGLE PoINT FAILURES (WITH REDUNDANT ELECTRONICS)
« COMPATIBLE WITH VACUUM ENVIRONMENT

* INSENSITIVE TO THERMAL CONDITIONS

e LIMITATIONS
oLower CapaciTy THAN CONVENTIONAL BEARINGS
oLower STIFFNESS THAN CONVENTIONAL BEARINGS
« CoNTROL ELECTRONICS REQUIRED
*ADDITIONAL MECHANICAL ToucHDOWN BEARING REQUIRED

CLASSIFICATION OF
MAGNETIC BEARINGS

e DC MaGNETIC BEARINGS
e RADIAL PASSIVE - AXIAL ACTIVE
e RADIAL ACTIVE - AXIAL PASSIVE
e ALL AXES ACTIVE

o AC MaGNETIC BEARINGS
e EDDY-CURRENT REPULSION
e AC RESONANT

e ALL-PAssIVE BEARINGS
e DIAMAGNETIC
e SUPERCONDUCTING
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STABILITY IN STATIC FIELDS

e EARNSHAW’S THEOREM (1842)

3-DIMENSIONAL STABILITY IMPOSSIBLE FOR
FERROMAGNETIC SYSTEMS,

PERMANENT MAGNETS
¢ STABLE
STIFFNESS RELATION: A
K+ K, + K, = 0
FOR EXAMPLE, WITH N N
RADIAL SYMMETRY,
Ky = Ky = Kg Y
HENCE
K, = -2K, S ——
UNSTABLE
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COMPARISON OF D.C. MAGNETIC
BEARING SYSTEMS

RADIAL PASSIVE

RADIAL ACTIVE

CHARACTERISTIC WXIAL ACTIVE AN IAL PASSIVE ALL-ACTIVE
STIFFNESS
RADIAL LOW ADJUSTABLE ADJUSTABLE
AXIAL ADJUSTABLE LOW ADJUSTABLE
CONTROL 1-ax1s 2-AXES ALL-AXES
SYSTEM (1 DEGREE OF (4 DEGREES OF (5 DEGREES
FREEDOM) FREEDOM) OF FREEDOM)
RELIABILITY HIGHEST LOWER LOWEST
TORQUE LOW HIGHER LOW
POWER LOSS LOW HIGHER HIGHER
DESIGNERS AEROSPATIALE (FR)
SPERRY
HUGHES (UK) COMSAT/
BACKERS (UK
A GODDARD TELDIX
HONEYWELL NASA GoDDARD/
GE
DEMONSTRATED
CAPACITY 30 kG &ﬁ KG
(SPERRY) (NASA)
gEEggSTRATED 10,000 RPM 12,000 RPM
(NASA) (NASA)




RADIAL RELUCTANCE AXIALLY ACTIVE
3-LO0P BEARING

|_—RING MAGNET

NSNS
| &—STATOR POLE PIECE

/ijjfiiii CONTROL COILS (2)

? //E’ Y ‘,’% ig . ROTOR POLE PIECE

T 7T 7777/

S

oLOW RELUCTANCE CONTROL PATH
eNO DEMAGNETIZATION OF MAGNET

\\\
\\\\i\

N\

i"\

*BOTH MAGNET AND COILS NON-ROTATING
«RADIAL STIFFNESS CAN BE AUGMENTED

FROM: SABNIS, A, V. "“MAGNETICALLY SUSPENDED LARGE MOMENTUM WHEELS"
AIAA, MECH & CONTROL OF FLIGHT CONF., AuscusT 5-9, 1974,

MAGNETIC BEARING SUMMARY

¢ MODEL BEARINGS HAVE DEMONSTRATED
FEASIBILITY FOR USE IN FLYWHEEL
ENERGY STORAGE SYSTEM

e DESIGN TECHNOLOGY EXISTS FOR
HIGHER SPEEDS AND LOADS
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ENERGY INPUT/QUTPUT REQUIREMENTS

HicH EFFiciency IN OveraLL SYSTEM

ExTenstoN To UseruLLy HicH VaLues OF PoweRr
LEVELS AND SPEEDS

COMPATIBILITY WITH INTERFACES

MOTOR EFFICIENCY VERSUS SLIP

% EFFICIENCY
100 DC BRUSHLESS LIMITED To 10 Kw

% AC 1nNDuCTION

60 | AC servo
NO POWER LIMIT

40 -

20

0 1 1 ! | 1 1 1 1 L
0 10 20 30 40 50 60 70 8 90 100

% SLIP FROM DESIGN SPEED OR % OF
SYNCHRONQUS SPEED
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ELECTRIC Poy;R COLLECTORS
(/ // 360V 50HZ
LOW PRESSURE
Ho
SQUIRREL CAGE POLE/MOTOR AC
AC MOTOR/ \ CHANGER TRACTION
GENERATOR \ CONTACTORS MOTORS
|
I
| TORQUE
CONTROL TO DIFFERENTIAL
FLYWHEEL CAPACITOR //’LEVER
3,000 RPM MAX BANK
32 M7 (9 KWH) REGENERATIVE
SPEED
pEDALS/ — BRAKING
BRAKE ,/’GL—-—-

OERLIKON ELECTROGYRO BUS 1950-1963 SWITZERLAND

ELECTRIC POWER COLLECTORS
600v DC

t/ //—

VACUUM
CONTAINER
EXCITER | \
VAR FREQ
VAR VOLTS
SYNCRONOUS « | RECTIFIER/ |«
AC  MOTOR INVERTER <>
GENERATOR
@ CONTROLLER
18,000 RPM MAX 13
44 MJ (12 KWH) POWER <—»| DC TRACTION
150 KW MAX CONTACTOR <« MOTOR
_ TO
LOCKHEED SAN FRANCISCO ELECTRIC COACH DIFFERENTIAL
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ELECTRIC POWER INPUT

AC THDUCTION

1MOTOR/GEN

<,

MAGNETIC

SUSPENSION

RGE MOBILE VENICLE FLYMIIEEL ENERGY
SRR o8 e

1

PROTOTYPE SYSTEM OPTIONS

CoNVENTIONAL ENGINE/FLYWHEEL MECHANICAL
(ForD AND UNIVERSITY OF WISCONSIN INDICATE 38 Mpa)

CoNVENTIONAL ENGINE/FLYWHEEL ELECTRICAL

(More VERSATILE THAN MECHANICAL)

BATTERY/FLywHEEL ELECTRICAL

(ExTenps BATTERY LIFE, IMPROVES PERFORMANCE)

EXTERNAL BURNING ENGINE/FLYWHEEL FLECTRICAL

(SHIFT TO CHEAPER FuELs, Lower EMISSIONS)

CoNVENTIONAL ENGINE/BATTERY/FLYWHEEL

(CoMBINES ADVANTAGES OF EAcH)
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RECTIFIER/
CHOPPER
CYCLOCONVERTER
1
RESOMNANT  [& i
EXCITER CONTROLLER CONTACTORS
A
AC
% INDUCTICH
Sonrnocs I TRACTION
CONTROLS TRACT
TACH woetem s

TO DIFFERENTIAL




AC VARIABLE VoLTAGE/ VARIABLE VoLTAGE/
GENERATOR »VARIABLE FREQUENCY | VARIABLE FREQUENCY
CONTROLLER REGENERATIVE CONTROLLER
r
Pird SPEED

AC TracTion MoToOR
MoTOR/GENERATOR L

CONVENTIONAL - P
Fixep SPEED 7
ENGINE ;
TRANSMISSION

ON/QFF U
[ { TacH l P

ELecTRONIC o \CCELERATOR
CONTROLLER PEDALS | DIFFERENTIAL [
13 ‘/
SO BRAKE ~— WHEELS

To CoNVENTIONAL
BrAKES

AC ELECTRIC DRIVE FOR VEHICLES WITH FLYWHEELS

ADVANTAGES D1SADVANTAGES
© VERSATILITY @ More COMPLICATED THAN DC SYSTEM
® HigH EFFICIENCY © MorReE ExPENSIVE CONTROLS THAN DC
SYSTEM

© Max1MuM Power TRANSFER
e [NTERFACES ReEQUIRE POWER

o CosT EFFecTIVE MOTORS & CONDITIONING
GENERATORS (AC — DC, DC—s AC, AC —= AC)
© SIGNIFICANT REGENERATIVE ® May Have HiGHER VOLTAGES THAN DC
BrAkING AT ALL SPEEDS SYSTEM

e (onTRCLS TO OPTIMIZE
PERFORMANCE & DRIVEABILITY

@ TECHNOLOGY AND COMPONENTS
AVAILABLE
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EXAMPLE BATTERY/FLYWHEEL ELECTRIC HYERID

InPUT POWER

CHARGER
BATTERY VARIABLE VOLTAGE
- INVERTER [>T 1VARIABLE FREQUENCY <
: REGENERATIVE CONTROLLER
SPEED
h:
AC
MoTorR/GENERATOR TracTION MoTOR

CONTROLLER |- [ racu]

FLYWHEEL

——

““{TACJ A

TRANSMISSION

)
&

PEDALS
N
\0 \Q___
-
To CONVENTIONAL ACCELERATOR
BrAKE

BATTERY/FLYWHEEL ELECTRIC HYBRID

ADVANTASES DISADVANTAGES
o Uses FLYWHEEL FOR © More EXPENSIVE THAN
TRANSTENT Power BATTERY-ALONE SYSTEM
o (Jses BATTERY FOR LonG- o More COMPLICATED THAN
Term D1ScHARGE AND CHARGE BATTERY-ALONE SYSTEM

© MinimizeS RAPID BATTERY
CHARGING AND DISCHARGING

© EXTENDS BATTERY LIFE

o FuLL Use oF REGENERATIVE
BRAKING

® CoNTROLS TO OPTIMIZE
Enercy CONVERSION

® CONTROLS TO SIMPLIFY AND
Ta1LoR DRIVEABILITY
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G: DIFFERENTIAL ———O

CONCLUSTONS

o THE Technoroay Exists For EacH OF THE SEPARATE
CoMPONENTS REQUIRED FoR THE ENERGY STORAGE FLYWHEEL,

o SPECIALIZED SYsTEMS Have Been BuiLt AND TESTED WHICH
DemMonSTRATE THE NecEssARY PIECEPARTS OF AN EFFICIENT
ENERGY STORAGE SYSTEM.

e SysTem InTEGRATION Neeps To Be AppLIED To THE SEPARATE
CoMPONENT TECHNOLOGIES.




DESIGN AND TEST OF A SPACECRAFT ENERGY MOMENTUM FLYWHEEL

J. E. Notti, Jr.
Rockwell International Corporation
Downey, California 90241

ABSTRACT

This paper summarizes the design of a prototype flywheel energy storage assembly
developed to evaluate the spacecraft Integrated Power and Attitude Control System
(IPACS) concept. In the IPACS application, the flywheel assembly is used for kinetic
electrical energy storage as well as conventional angular momentum control. The kinetic
storage function dictates high rotational speeds which require new approaches to the de-
sign of the major components: rotors, motor-generators, bearing systems, and electron-
ics. The paper includes a general description of a NASA contracted prototype assembly,
a discussion of major component design characteristics and the presentation of selected
test results. The energy flywheel has demonstrated a power capability of 2.5 KW with a
maximum stored energy of 1480 watt-hours. The operating speed range is from 17,500 to
35,000 rpm. The unit has completed performance verification tests and is being deliver-
ed to the NASA.
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FLYWHEEL-POWERED AUTOMOBILES

Peter M. Newgard
Stanford Research Institute
Menlo Park, California 94025

ABSTRACT

A hypothetical, dual-mode automobile is described that would be powered by both a
conventional heat engine and by 10 kWh of stored flywheel energy coupled to an electric
drive. Analysis of the system suggests that, compared to a battery powered car, the
dual-mode flywheel car would have higher specific power, better potential for early de-

velopment and a broader potential market.

INTRODUCTION

Over the past several years, SRI has
been engaged in a wide variety of energy-
related research, including studies of
alternative fuels for automotive use. Re-
cently we completed a study for the NSF
comparing alternative ways to use coal to
power automobiles, i.e., should we make
syncrude and gasoline for ICE cars or
would it be better to use our coal to make
electricity for electric cars? The NSF
study indicated an overall energy advan-
tage for the electric car, and, of more
immediate importance, a significant ad-
vantage in petroleum conservation. In
addition, depending on how well we actual-
ly control ICE emission, electric propul-
sion could have a beneficial effect on air
quality. Thus, it has become evident to
us at SRI that converting to electric
vehicles powered by utility-produced elec-
tricity would be desirable.

While electric cars are desirable
from a societal viewpoint, they are not
especially desirable from the viewpoint of
a potential owner. The most advanced
electric cars, using high-temperature bat-
teries that reputedly will result from a
decade of research, will still fall far
short of the versatility of 1iquid-fueled
heat engine machines. Electric vehicles
can only have a significant impact on our
present situation if they can be sold to
the auto-buying public. They won't sell
unless they can compete with alternatives
in traditional terms to provide:

Instant mobility

Infinite range

Good acceleration

Low cost (first cost and operating
cost)

Above all, there must be a rational trans-
ition path to the deployment of any new
vehicle. It must be evolutionary, and not
demanding the simultaneous development of
new industries or major facilities.

HYBRID ELECTRIC CARS

It appears to us that the all-elec-
tric personal automobile cannot survive in
a free-market competition against advanced
heat engine machines, even with major im-
provements in electric energy storage.
This has Tled us to consider various hybrid
schemes using heat engines for sustained
travel and stored utility electricity for
short-range driving. Because this type of
machine requires energy storage character-
ized by high specific power (rather than
high specific energy), flywheel energy
storage becomes a potential contender.

We have identified two families of
hybrids distinguished by market goals.
The concept most generally studied has
been one of using the energy-storage sys-
tem for load Teveling, with the objective
of improving fuel economy and reducing
heat engine emissions. Extensive study*
of this concept shows that only minor im-
provements are realized for a major in-
crease in complexity and cost. The im-
provements in operating cost may be worth-
while in fleet operation with high daily
mileage but probably not to a private own-
er who typically uses the car about one
hour per day.

*The EPA Program on Hybrid Vehicles
1969-72 with subsequent reviews by
Aerospace Corporation continuing
through 1975,
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SRI has evolved an alternative concept
termed a dual-mode hybrid. The basic de-
sign strategy is to use the heat engine as
Tittle as possible--only to augment the
range of an electric drive. We envision

a high-performance, short-range, electric
vehicle. A heat engine and generator
(sized to provide average power) is added
to provide the benefits of:

+ Instant mobility--independent of
battery charge condition
« Infinite range

These are identically the two features
that have and will 1imit the market for
all-electrics. Therefore, the resulting
hybrid design has the potential for com-
peting in the first-car market.

Figure 1 shows one physical embodi-
ment of the dual-mode hybrid. The power

‘train can operate in the following ways:

- A1l electric--clutch open--ICE on
(for urban commute driving).

» Series hybrid--clutch open--ICE off
(for extended urban driving).

+ Parallel hybrid--clutch engaged--ICE
on (for extended high-speed driving).

The vehicle is normally charged, overnight,
with about 10 kWh of utility power. During
the following day's travel, the flywheel-
stored energy is used first. When the
stored energy is nearly depleted, the ICE/
generator begins to provide average motive
power and maintains a Tow energy-charge
state. In this engine-powered mode, the
electrical system provides load leveling
and regeneration advantages. For low-
speed urban driving the machine operates

as a series hybrid; above a set speed
(about 35 to 40 mph) the clutch couples to
provide a more efficient mechanical 1ink
from heat engine to rear wheels.

The energy-storage device needed for
the dual-mode hybrid is distinctly differ-
ent from that proposed for all-electric
propulsion. An energy/power diagram
(Figure 2) illustrates this difference and
indicates the status of contending devices.
The high-energy batteries under development
with federal money are aimed at a five-hour
nominal discharge. The batteries required
for the dual-mode hybrid would discharge in
about one hour, with brief excursions to
the ten-minute rate. The four nickel-based
batteries shown in this area of the figure
are relatively near term. They are under
active development--mostly with commercial
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money, and could be available in two to
five years. Although the application of
these batteries to automotive propulsion
are all limited by the availability of
nickel, our resources could easily sus-
tain the initial development and market
deployment of vehicles. The flywheel can
be viewed as a low-cost, efficient re-
placement for the nickel battery required
to sustain market penetrations beyond
about 10 percent.

The hybrid power system described
here was derived for the purpose of using
utility electricity to power personal
automobiles. Let us examine how effect-
ive it would be in achieving that goal.

In practice, most of our driving consists
of a series of short-range trips accumu-
lating to average about 30 miles per day.
The proposed hybrid takes advantage of
this fact by allowing the first portion

of each day's driving to be entirely elec-
tric powered. Using data available from
two major U.S. cities,!s2 we have derived
the relationship plotted in Figure 3.

This illustrates that the goal of convert-
ing urban driving to electric power can be
substantially achieved with a modest elec-
tric energy store. These data are based
on average driving habits. There would,
of course, be some natural market selec-
tion so that buyers with short-range com-
mutes would favor the hybrid. Thus, ac-
tual conversion per car should be much
greater than indicated by this chart. In
fact, we believe that, on a car-for-car
basis, the dual-mode hybrid would achieve
much greater conversion to utility power
than a limited-range all-electric car.
When this is coupled with the potential
for early development and a broader po-
tential market, the result is a much
greater and earlier potential impact. If
R & D effort is to be devoted to electri-
fying the personal automobile, then the
dual-mode hybrid and its high-power stor-
age device should receive the highest
funding priority.

Prepared for: The 1975 Flywheel Technol-
ogy Symposium, University of California,
Berkeley, California, 10-12 November 1975.
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SRI HYBRID CONFIGURATION PARALLEL/SERIES
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RIM-SPOKE COMPOSITE FLYWHEELS: DETAILED STRESS AND VIBRATION ANALYSIS

C. C. Chamis and L. J. Kiraly
NASA-Lewis Research Center
2100 Brookpark Road
Cleveland, Ohio 44135

ABSTRACT

NASTRAN is used to perform a detailed stress and vibration analysis of thin-wall,
cylindrical-shell, rim-spoke, single-rim and multi-rim composite flywheels. The results
obtained indicate in a preliminary way that such flywheels have potential for the power
storage requirements of the ERDA-NASA 100 KW wind turbine generator.

INTRODUCTION

The use of fiber composite materials
in flywheels offers several advantages
over metal flywheels. The major advan-
tages result primarily from the high lon-
gitudinal specific strength (strength/
density) and high longitudinal specific
stiffness (modulus/density) of composites
compared to conventional metals. Addi-
tional advantages of composites are:

(1) the large number of composites avail-
able with a wide range of mechanical prop-
erties (ITlustration 1) from which selec-
tions can be made to meet diverse design
requirements, (2) various flywheel con-
figurations can be readily fabricated us-
ing the extensively-developed filament
winding capability that already exists,
and (3) less material is required for con-
taining flywheel bursts.

ETementary strength-of-materials
relationships show that, of the various

composite flywheel configurations possible,

the thin-wall, cylindrical-shell, rim-
spoke configuration utilizes composites
most efficiently. The distinct advantages
of this configuration are:

1. The rim is stressed primarily in the
hoop direction in the centrifugal force
field.

2. The rim can be fabricated using hoop
windings only.

3. The thickness of the rim can be select-

ed to minimize radial stresses resulting
from the fabrication process (winding,
thermal, phase-change shrinkage) and the
centrifugal forces.

4. The spokes can be sized to undergo
radial deformation equivalent to that of
the rim. For example, one can make the
spokes from the same composite but with
a pseudo-isotropic laminate configura-
tion. This will yield a spoke modulus
of one-third that of the hoop, a rela-
tionship which can be shown to be the
required condition for equivalent radial
deformation. Equal radial spoke-rim de-
formation eliminates stress concentra-
tions at the spoke-rim juncture and the
resulting induced bending in the rim.

It also avoids the designing of a radial-
ly sliding joint between spoke and rim
in order to minimize bending and stress
concentrations.

5. The concept is easily adaptable to
multi-rim composite flywheels with spec-
ified clearance between rims.

Because the rims already described
are thin-wall cylindrical shells, they
can vibrate readily in one or several of
their many natural frequencies within the
wide range of flywheel operational rota-
tion speeds (excitation frequencies).

In order to assess the suitability of the
composite thin-wall, cylindrical-shell
configuration in a fiywheel environment,
the vibration resistance of these con-
figurations in the presence of a centrif-
ugal force field needs to be determined.

The objective of the investigation
summarized herein was to perform detailed
stress and vibration analyses of the
thin-wall, cylindrical-shell, rim-spoke
composite flywheel using NASTRAN in order
to demonstrate:




1. The adequacy of this configuration for
a specific flywheel application.

2. That available structural analysis
tools can be used to assess the potential
vibration problem that might arise in such
flywheels.

DESIGN STUDIES

The specific flywheel application
investigated was for energy storage during
calm or Tow wind velocity conditions for
the ERDA-NASA 100 KW wind-turbine genera-
tor (WTG) now being made operational at
the NASA-Lewis Research Center, PTum Brook
facility. Based on available data the
assumed design requirements for the fly-
wheel are:

1. Required energy supply 4 days
2. Minimum reserve energy 25 percent
3. Charging rate, maximum 100 KW
4. Excess overspeed charging

rate 5 percent
5. Power delivered during

down-time 10 KW

The resu1t1ng total energy s%8rage requ1re—
ment is 1410 KW-hr (4.5 x 10'Y in-1b)

The above design requirements and
mechanical properties of candidate uni-
directional composites (I1lustration 2)
were input to a computer-programmed al-
gorithm. This algorithm is designed to
size single-rim and multi-rim flywheel
configurations based on a highest specific
strength basis.

The following two configurations were
selected by the algorithm (ITlustration 3):

1. Single-rim

single-rim energy 1410 KW-hr
stored

composite T300/epoxy at 0.7
fiber-volume ratio
(FVR)

configuration 9 ft mean dia,
15.5 ft high,
6.5 in thick

angular velocity 6740 RPM
3180 ft/sec tip
speed

rim weight 23,550 1b

power density 0 W-hr/1b
maximum charging
torque 1250 in-1b

2. Multi-rim, with five composite rings
and metal core (rings selected to store
75 percent of the energy)

five-rim energy 1065 KW-hr

stored

T300/epoxy (0.7
FVR)

S-G/epoxy (0.7
FVR)

boron/6061 Al
(0.5 FVR)

6 ft outer dia,
10 ft high

10,105 RPM
3180 ft/sec tip

composite

configuration

angular velocity

speed
five-rim weight 25,930
five-rim power
density 41 W-hr/1b
maximum charging
torque (outer rim) 230 in-1b

The above results show that the
single-rim composite flywheel has about
one and one-half times greater power
density than the five-rim wheel. This
means that a penalty is paid when an at-
tempt is made to make greater use of the
space occupied by the flywheel as com-
pared with a thin single-rim flywheel.

It should be noted that a flywheel
made from T300/epoxy will not be cost
effective at today's graphite prices.
However, a flywheel made from an equal
or greater strength E-glass/epoxy will
be about 15 percent heavier but will be
about 100 times less expensive than the
single-rim T300/epoxy flywheel evolved
in the present study.

Stress and vibration characteristics
of both the single-rim and the five-rim
flywheel configurations were analyzed
using NASTRAN. The rim was assumed to be
made from hoop-wound composite and the
spokes to be made from a pseudo-isotropic
layup of the same composite. The finite

element representation consisted of 72
homogeneous , anisotropic, gquadrilateral
plate elements, 84 nodes, and 504 degrees
of freedom (DOF) for the single-rim




(I1lustration 4). For the five-rim wheel
300 elements, 360 nodes, and 2160 DOF were
used. The spokes were represented using
frame elements. Both gravity and centrif-
ugal forces were considered. Both the
static and vibration analyses were carried
out using NASTRAN L 15.5 rigid format 13,
which determines vibration frequencies in
the presence of force fields.

Stress data from the static analysis
showed that the rim was stressed to its
maximum design allowable and that both the
rim and the spokes sustained equal radial
displacements as desired. Both of these
results may also be determined using ele-
mentary strength of materials relation-
ships. The results also showed that the
desired clearances between rims in the
five-rim configuration were preserved.

The NASTRAN vibration analysis re-
sults showed that the lowest frequency
of both the single-rim and five-rim hoops
could be within the operating frequency
of the flywheels. However, the higher
harmonics should be well beyond the oper-
ating frequency of the flywheels. Though
a parametric study was not performed.dur-
ing this investigation, it is possible to
vary the flywheel configuration (geometry)
variables (radius, height, and thickness)
so that the lowest natural frequency of
the flywheel is greater than its highest
operating frequency.

Also, NASTRAN results were obtained
for an additional mass (weight and loca-
tion) for possible dynamic balancing.
These results showed that the lTowest fre-
quency of the single-rim wheel can be in-
creased by about 11 percent using only a
one-half ounce mass. This mass, however,
increased the local hoop stress by about
30 percent.

CONCLUSIONS

NASTRAN can be used for the detailed
stress and vibration analysis of both
single-rim and multi-rim, thin-wall, cy-
1indrical-shell, rim-spoke composite fly-
wheels. It was also demonstrated on a
preliminary design basis that these types
of flywheels would be adequate to supple-
ment the power of the ERDA-NASA 100 KU
wind turbine generator during periods of
Tow wind velocity.
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LONGITUDINAL COMPOSITE STRENGTH AND STIFFNESS
TO DENSITY RATIOS COMPARED WITH METALS
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THE USA-MERDC HIGH ENERGY STORAGE HOMOGENOUS FLYWHEEL MODULE

Oonald E. Davis
Dynamic Energy Systems
Rocketdyne Division
Rockwell International
6633 Canoga Avenue

Canoga Park, California

91304

ABSTRACT

A 30 kWh flywheel energy storage module is being designed by Rockwell International,
Rocketdyne Division, for the U. S. Army Mobile Equipment Research and Development Cen-

ter (USA-MERDC).
high energy storage flywheel systems.

INTRODUCTION

A flywheel has an inherent capability
to store large amounts of energy in a
fairly small design envelope and an abil-
ity to accept or supply energy at rates
much higher than batteries and other stor-
age systems can. These two characteris-
tics are important to many military appli-
cations.

Flywheel systems have generally been
low energy density, heavy, Tow-speed sys-
tems. The introduction of the modified
constant stress flywheel configuration has
dramatically modified the scope of fly-
wheel systems in general. The conception
and experimental evaluation of composite
flywheel systems has further enhanced the
creditability of flywheel systems. Until
the modified constant stress flywheel was
demonstrated in the early 1970's, flywheel
energy densities of 1 to 3 watt-hrs /pound
was the generally accepted design mode.
The recent Rockwell International flywheel
systems, which include the B-1 Landing
Gear Retraction System, the Integrated
Power and Attitude Control System and the
USA-MERDC module have been designed on the
basis of flywheel energy storage densities
in excess of 10 watt-hrs /pound.

DESIGN CRITERIA

The USA-MERDC flywheel module (Figure
1) represents a state-of-the-art configur-
ation which incorporates 12 watt-hrs./
pound flywheels with theoretical safety
factors (stress) in excess of 1.60. Table
1 represents the basic design criteria
used for the flywheel module.
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This module represents a major milestone toward high energy density,

TABLE 1
DESIGN CRITERIA FOR FLYWHEEL MODULE

1. TOTAL ENERGY STORAGE OF 30 kWh
2. COUNTER ROTATING SHAFTS

3. TOTAL ENERGY STORAGE MAXIMUM RELEASE
RATE OF 3215 KW

4. TOTAL MAXIMUM ENERGY TRANSMITTAL
THROUGH MODULE OF 6430 KW

5. TOTAL ENERGY TRANSMITTAL DUTY
CYCLE = 38%

6. CYCLE LIFE
LIFE SPAN

5000 CYCLES
5000 HOURS

The flywheel module illustrated in
Figure 1 provides power at a rate greater
than 8,000 horsepower and a duty cycle of
approximately 38%. The remaining 62% of
the time frame is necessary for recharg-
ing and parasitic loss recovery.

Because of the many possible, severe,
module operational motions, significant
consideration was given to gyroscopic
loads and the anticipated overload condi-
tions to be experienced by the bearings.
These considerations and other high re-
liability constraints dictate a conserva-
tive bearing and seal approach, which by
necessity causes fairly high parasitic
losses. Table 2 shows the possible bear-
ing configurations and the anticipated
losses associated with each.




TABLE 2
BEARING LOSS SOLUTIONS

JET LUBRICATED CONVENTIONAL
DUPLEX BALL, 278 HP CONSERVATIVE
ROLLER
MIST LUBRICATED NOMINAL R & D
DUPLEX BALL/ 10 HP EEEREEIgg
ROLLER
PRACTICALITY

IN-DEPTH R & D
NEEDED TO
DEVELOP
PRACTICAL
BEARING SYSTEM

MAGNETIC BEARINGS
1-5 HP

The relative trade-offs between seal con-
figurations and losses is shown in Figure
2.7 The anticipated upper and lower limits
of parasitic losses to be experienced by
the module and the trade-offs based on
components selection are shown in Figure
3.

FLYWHEEL CONFIGURATIONS

A full spectrum of flywheel sizes,
operational speeds and modified constant-
stress configurations have been consider-
ed. In the design approach chosen, a fly-
wheel with a "weak-1ink", outer rim ring
will be utilized in the module. The
"weak-1ink" rim ring provides several ad-
vantages over the thin-rim, modified,
constant stress configuration shown in
Figure 4 as #0. The outer rim ring (con-
figurations 7, 10 and 17) provides the
added advantages of (a) improved moment
of inertia distribution, (b) a failure
mode which can be safely contained, and
(c) the possibility of flywheel self-
braking during over-speed conditions.
Configuration #17 is the prime candidate
being considered for flywheel incorpora-
tion into the module. This dual-nested
wheel configuration provides a theoretical
factor of safety of 1.37 (based on ulti-
mate stress) at the design overspeed Timit
(110% of rated).
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CONCLUSIONS

The USA-MERDC flywheel module will be
a more sophisticated, high-energy storage
flywheel module than has been constructed
to date. The parasitic losses are going
to be higher than those originally con-
ceived, although under the proposed oper-
ational modes the parasitic losses are
not critical.

As a result of the study phase of
this program, it is apparent that high-
speed, low-Toss bearings with Tong 1ife
spans are basically non-existent. Also,
Tow-loss, high-speed vacuum seals are not
available as state-of-the-art items. Both
of these flywheel subcomponents must be
significantly improved before flywheel
systems with long run down times (> 24
hours) can be designed.

It is also apparent that operational
energy density values greater than 15
watt-hrs /pound will be obtainable only
in anisotropic composite flywheels.
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IDEAS AND EXPERIMENTS IN MAGNETIC INTERFACING*

Kristian Aaland and Joe.E. Lane
Lawrence Livermore Laboratory, University of California
Livermore, California 94550

ABSTRACT

Simulated experiments on a small scale have begun as a result of developing mag-
netomechanical devices. Rim-only suspension and driving wheels for automobiles are
envisioned, with energy coming from two counter-revolving rim-only flywheels. The
taboo that magnetic bearings can only be stable by active feedback is denied.

INTRODUCTION

To operate a town at night on solar
power requires an energy storage system in
the 1012-7 range. If high strength fibers
are used in a rim-only flywheel, the
1012 3 of energy is contained within a
100-m circumference. This should be easy
to bury beneath any utility load center.
The ring would spin at a velocity of 1000
m/s in near vacuum and weigh 2000 t,
clearly indicating the need for no-contact
and no-wear magnetic bearings. Magnetics
for power input/output interfacing is also
understood.

To coordinate these magnetic circuit
requirements, we have started to do
simulated experiments on a small scale.

We have also reported very encouraging re-
sults leading to new ideas of small-scale
uses. The next goal should be the building
of working models to aid in the testing of
composite fibers. A sample ring accelerated
to failure would give unique data on
modules and one-dimensional tensile
stresses. The model would operate at the
same peripheral velocity as a large-scale
product.

A visual presentation of this report
is shown in the Appendix.

MODELING

The hoop stresses in the rim of a
flywheel is Dv2, where D is density and v
is peripheral velocity. We are considering
fiber composites with D = 2000 kg/m3 and
tensile strength around 2 GPa (300,000 psi);
irregardless of flywheel size, velocity
thus becomes

2 X% lO9

—m‘“— = 1000 m/s.

We are aiming at a 60-Hz power line
interfacing on a large scale. This means
a distance (1000/60 = 17 m) is transversed
for each power cycle. This becomes the
physical distance between pole pairs at no
slip (synchronous) operation. In a 17%
scale model this becomes a reasonable
17-cm dimension, but the powering has to be
at 100 X 60 = 6000 Hz. This frequency can
be handled by the largest of thyristors_in
the single-cycle ferroresonant circuit.
For a flywheel, we will be operating on a
demand schedule of power pulses. Each
cycle is 6000 Hz, putting special require-
ments on the magnetic materials. Permanent
magnets composed of insulating materials
like ferrite work well, except for their
poor coercivity (easily demagnetized).
Ferrite magnets are available in a rubber
matrix. These "rubber magnets" are very
convenient to shape for experimental work.

Working models require stronger mag-
nets like samarium cobalt (SmCos). Because
SmCog is metallic and electrically con-
ducting, eddycurrents are induced that
detract from their strength. If the SmCog
is broken into 30-uUm-size particles that
are insulated from each other, the eddy-
current concern is eliminated. The high
density packing and magnetic alignment of
these particles do, however, require
special technology.

Kamerbeek? indicates that large—-scale
magnetics is most economically done by
superconductors. This implies, of course,

*This work was performed under the auspices of the U.S. Energy Research & Development
Administration, under contract No. W-7405-Eng-48.
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that the flywheel ring is operated at a
very low temperature. If a cryogenic
temperature is going to be used for the
fiber composites, testing of the composites
should be done at that temperature too.

This exploratory work was done most
expediently with rubber magnets. Moreover,
the physical motion of magnetics at v =
1000 m/s was simulated by electromagnetic
waves of sufficient strength physically to
observe and to measure lift and drag com-
ponents of force. It must also be noted
that the magnetic materials have not been
exposed to the extreme pressures that would
exist in a rotor rim of a small model.

MAGNETIC LEVITATION OF A
SPINNING STORAGE RING

Magnetic journal bearings have been
at work for decades. These are all of a
design involving "active feedback position-
ing control."3 Dr. J. Lyman of Cambridge
Thermionic Corporation* stationed only
three lifting and centering magnets
around the rim of a large momentum ring for
NASA, Langley, Virginia.

We have chosen to consider only
fail-safe ideas; thus excluding active
feedback. Taking notice of magnetic
levitation and guidance work in transporta-
tion,” we set out to model an "endless
train on a circular track.'" Just like the
train, the magnets were to be contained in
the moving part, in this case the ring.
Eddycurrent-generated heat in the sta-
tionary groundplane becomes easy to remove,
or the electrical losses can be controlled
down toward zero by superconductivity

(cryogenics). (In practice, certain
losses are required for damping and
stability.)

Our experiments revealed lift but no
sideways or centering stability. (See
Fig. 1.) It was afterwards found that a
radial cut in the groundplane was all that
was required for stability. (See Fig. 2.)

An improved demonstration was made
one after another by different cuts and
bends of the groundplane. (See Fig. 3.)

*Reference to a company or product name
does not imply approval or recommendation
of the product by the University of Cali-
fornia or the U.S. Energy Research and
Development Administration to the exclu-
sion of others that may be suitable.
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Fig. 1. Experiments revealed lift but no

sideways or centering stability.

Fig. 2. A radial cut in the groundplane
was all that was required for
stability.

Different cuts and bends of the
groundplane.

Fig. 3.

In considering the real fiber flywheel
with high-density concentrations of magnets
on the sides, these geometrics seem
unrealistic. We can only conceive of
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Fig. 4. Magnetic shear forces by induction.

magnets being contained on the inside
periphery of the fiber ring. Now, how do
you produce magnetic shear forces by
induction? Figure 4 depicts an idea that
should work. The spiral pattern of magnetic
poles will have both vertical (lift) and
circumferential (drag) components of
velocity. As reflected from a stationary
cylindrical-conducting surface, the
repulsive force will provide centering
stability. This force increases with
velocity.5 The drag-force is highest at a
certain low velocity, resulting in a quick
1ift at startup. A simulated experiment
was performed. Experiments with shapes of
poles as well as conduction surfaces are
pending. This must be domne finely with
actual motion. WNow it is time to think
about motor concepts. Could it possibly
be combined with this magnetics levita-
tion?

A NEW PULSED MOTOR-GENERATOR

Today's commercially produced ac
motor depends upon magnetic materials for
economy. By minimizing the airgap between
rotor and stater, less reactance and,
consequently, more horsepower is obtained
for a given amount of copper investment.
On the other hand, the narrow gap puts very
high forces on the bearings. This local
radial force may be an order of magnitude
higher than the tangential driving force.

New permanent magnets are changing the
picture of dc motors. Samarium cobalt
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magnets are capable of 1-T induction with
an airgap that is 10 times longer than the
length of the magnet. We have a new
world in magnetics of available flux in
free space with no or little concern for
the return flux path.

New designs of permanent magnetic dc
motors have taken forms of rotating,
open—frame armature coils (no iron). We
will pursue the concept of rotating magnets
around a stationary armature. The pole
strength of our magnets will allow us to
use a greater spacing, thus reducing radial
pull. Also, we will program the stationary
coil to be excited before and then reversed
after the passage of a magnet. If these
two forces are equal, there will be no net
radial force during each powering cycle.
The powering cycle is quite fast (a frac-
tion of a millisecond) so the mass of the
magnet integrates the radial pull-push
action. The same pulse-width powering
cycle will perform well over a 1 to 2
speed range. In principle, the horsepower
will be constant for a given repetition
rate of pulsing. Because the repetition
rate is completely programmable down to
zero, so is horsepower input. Interest-
ingly, this motor may have a much higher
revolution per second than input pulse rate
per second.

Needless to say, this system may also
function as a generator. Selected cycles
are triggered at the opposite pole passage;
energy is returned to the single-cycle
circuit and to the line. We have
attempted to make a model of this motor
for the 500~ to 1000-m/s speed range. The

N

S S

Poles in
rotor

Start of demagnetization

Fig. 5. Demagnetization started in the low
coercivity rubber magnets.




ferroresonant circuit,l triggered from an
optical mark on the rim, pulse powered the
armature well. However, at a few percent
only of the available current, demagnetiza-
tion started in the low coercivity rubber
magnets as shown in Fig. 5. This made it
impossible to bring the rotor up to a high
enough speed for adequate efficiency to
accelerate., However, the predicted torque
was observed. Polepieces composed of solid
SmCos magnets did not work at all because
of eddycurrent repulsion at kiloHertz
frequency.

Samarium cobalt was obtained in 30-um,
individually oriented, particles. These
were cast in an epoxy. The field strength
from these compound magnets were even less
than rubber magnets. The problem relates
to the alignment needs of the particles.

EXPERIMENTAL APPROACHES IN MAGNETICS

Modeling was done by maintaining the
velocity as a constant. Thus, any physical
size hoop puts the fibers under the same
tensile stress. The ballpark figure of
1000 m/s was handled by simulation for the
magnetics part. By merely creating travel-
ing magnetic fields simulating the shapes
and velocities of permanent magnets attached
to a flywheel, a rapid succession of exper-
iments were done. There was no need for

going in and out through vacuum. Magnetic
forces were created strong enough to pro-—
duce actual levitation and were measured
without the confusion of physical friction.

The succession of discrete electro-
magnets along the trajectory is not
exactly equivalent to a smoothly moving
magnet. For gross effect there were no
noticeable differences with experiments
with the smooth Gramme-Ring. This ferrite
ring is a continuously wound, square,
cross—section toroid. Excited with three-
phase current, field lines emerge perpen-
dicular to the ring surface at each pole.
With field lines available on each of the
four sides of the ring, planar as well as
cylindrical experiments can be performed.
The penalty is that for a given input
power, the magnetic fields are spread out
and, consequently, are diluted.

As in any of the simulaticns, the
traveling field velocity is the product of
pole-pair distance (pitch) and powering
frequency. 1In this case, 0.1 m times
10 kHz equals 1000 m/s pole-moving
velocity.

The 10-kHz, three-phase power came
from a multikilowatt transistor amplifier.
The maintenance of sinusoidal wave shapes
with proper 120° phasing for varying
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The spiral-shaped moving poles were simulated by means of a plane
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inductive loading (experiments) are trou-
blesome. For expediency and quality of
wave shape, which also translates to a
smooth motion of poles, we resorted to
the use of an 800-Hz alternator.

With the power and stiffness of an
alternator, we could easily drive air
coils. This becomes important in the
simulations of bands of moving poles. We
simulated the spiral-shaped moving poles
(Fig. 6) at first by means of a plane of
parallel wires. The object was to observe
the effect of groundplane shape. News!
We found none. There is no apparent
difference in the drag-force between a
circular, rectangular, or strip conductor
shape. In the plane, the drag-force is
orthogonal to polestrips. No torque was
observed.

SUMMARY

In the process of picking up a century
0old subject of developing magnetomechanical
devices (motors), fresh ideas are stimu-
lated as well as verified through
experimental simulation.

We hope to have wiped out the taboo
that magnetic bearings can only be stable
by active feedback.

We envision new designs in motors
without physical bearings. One day there
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will be a rim-only wheel for automobiles.
The magnetic fields generated on board will
provide suspension, guidance, and drive to
the "tire." Maybe the energy will come
from two counter-revolving rim-only fly-
wheels. The passengers might occupy the
center of these storage rings. The success
of the floating wheel ideas depends upon
small, mobile, superconductive technology
as well as magnetic circuit configurations.

A first use of rim-only flywheel is
likely to be ir stationary installations
of up to 10125 storage units.
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APPROACH TO FLYWHEEL DEVELOPMENT

Gerry B. Andeen
Stanford Research Institute
Menlo Park, California 94035

ABSTRACT

At Stanford Research Institute we designed, built and tested a 26"- d1ameter h1gh~
speed composite-type flywheel that had a 1/2-inch square cross-section KevlarR /epoxy rim

and two S-glass/epoxy spokes.

Instabilities created by whirling in a vacuum test chamber

at supercritical speeds were controlled with a Coulomb-type frictional damping device.
This paper discusses rotor dynamics, stresses, balancing and some supercritica1 speed

considerations that arise in flywheel design.

A Tist of references is appended. Though

clever design may solve short-run problems, we believe that successful composite fly-
wheels will require new technology that will 1) extend the theory of balancing flexible
rotors, 2) characterize and measure mass and stiffness uniformity, and 3) assure stabil-
ity from self-excited motions without excessive loss of energy from the wheel.

INTRODUCTION

We are all aware of the need for ener-
gy storage mechanisms on many different
scales. At one extreme we need a replace-
ment for gasoline for our cars because of
the gloomy o0il situation. At the other
size extreme, we need load-leveling devices
for our utility power supply grids to re-
duce capital costs.

We all recognize the potential of the
flywheel as an energy storage device that
can serve across the size spectrum. Con-
siderable recent effort has also made us
aware of the special advantages of fly-
wheels, i.e., long life and high power.

In particular, we must g1ve credit to those
workers, such as Lawson,! who have been
active in optimizing conventional flywheels
and in promoting their advantages. We take
special note of the g1oneering efforts of
Rabenhorst? and Post3 in calling our at-
tention to the new materials of eﬁceptional
specific strength, such as Kevlar™, and
their potential impact on energy storage.
These workers have also done a great deal

" to bring flywheels to the attention of the
pubTic in general.

We would like to note, and this is a
perception not shared by all, especially
the public, that we are dealing with a new
technology. Most flywheels with which we
are familiar are what can be called momen-
tum fliywheels rather than energy flywheels.
HWhereas the momentum and energy storage
aspects are inseparable, the purpose of the
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usual flywheel is to smooth a cycle by
means of providing a large moment of
momentum. The design of this kind of a
flywheel is covered in the textbooks that
tell you to put a Targe mass at a large
moment arm. Since the wheel is usually
not subjected to significant self-loading
forces, the texts fail to discuss the
strength to mass, specific strength para-
meter that we know is important in the
energy storage function. In a certain
sense, the familiarity with the conven-
tional flywheel, its appearance in the
pottery shop, in the sewing machine, 1in
the automobile, and the like, is an imped-
iment to development, since the fact that
we are dealing with a new technology is
obscured and implicitly ignored.

That we are dealing with a new tech-
nology is especially evident when we begin
to consider the nonisotropic materials, as
in most of the super-strength materials
where the greatest performance appears to
lie. These fiber materials, and the com-
posite structures formed from them, have
seldom been used in self-loading situa-
tions; situations in which the loads are
caused by the dynamic body forces of the
components themselves rather than by ex-
ternal forces. The continuum approxima-
tion usually used in stress analysis comes
into question at a much larger scale when
composites are used under self-loading
conditions than when much more nearly uni-
form fsotropic materials are considered.
The continuum approximation is under at-
tack not only because the stress is not




smooth but also because the Toading is ir-
regular.

The experimental results to date fur-
ther indicate that we are dealing with a
topic beyond our comprehension. No suc-
cesses and many failures of composite-
material rotating devices are on record.
Most notable perhaps is Pratte and Whit-
ney's well documented government project.
Also there is Lockheed's demonstration
with the "bullet composite" flywheel to
show that they should indeed concentrate
on the steel wheel.9 Rabenhorstb also in-
dicated difficulty in getting his early
bar superflywheel operating. In addition
to these well known difficulties are many
unreported failures not supported by pub-
lic money. We are privately aware, for
example, of the failure of the ultracen-
trifuge people to be able to exploit the
apparent advantages of the super-strength
materials.

The basic question that we want to
address in dealing with a new technical
area is how close one can realistically
approach theoretical Timitations and how
to identify limiting factors. A most in-
teresting aspect of this conference will
be to hear how well other people have done
in approaching theoretical limits for com-
posite flywheels, to hear what they think
are the limiting factors, and how they
have approached their solutions.

SRI APPROACH

The purpose of this presentation is
to explain what we have done up to the
present and why, to discuss what we see as
the significant 1imiting factors, and to
elucidate our plan for the future.

The best way to identify the Timiting
factors is to build a composite wheel, run
it, and identify the problems as they ap-
pear. We have designed flywheels and
chambers in which to run them, and we have
run wheels, and come to problems. One by
one we have overcome these problems; we
are gradually moving up in speed. At
present we have succeeded in running a
composite wheel at half the speed calcu-
lated to be required for self-rupture.
This is not that good because it amounts
to only a quarter of the energy stored at
the breaking speed. It should be noted
that titanium and other isotropic material
centrifuges are run at speeds well over
90 percent of that of self-destruction.

We have identified several of the problems
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that Timit our progress and that we feel
will Timit the ultimate usefulness of
composite energy flywheels. MWe have also
1aid out what we feel is a rational fly-
wheel development program for this time.

We wish to lay out the problems and
is known about the problems in a Tog-
fashion in order to focus on them.
more important is to strip the mys-
away from many of the problems so
that clever designers can begin grappling
with the interrelated concerns. Perhaps
by identifying the problem and by calling
upon clever designers we may be able to
get a flywheel operational before all of
the principles are analyzed mathematical-

ly.
CONCENTRATION ON ROTOR DYNAMICS

what
jcal
Even
tery

There are many places to begin scru-
tinizing an area that could become a new
technology:

1. One must have or be able to develop a
market.

2. One must solve a set of technical
problems; for energy storage flywheels
these problems are:

a. How to provide the power input and
output compatible with the rest of that
system whether it be for an automobile or
a power grid;

b. How to provide low-friction bear-
ings with acceptably Tong Tife for the
high speeds and/or large loads; and

c. How to solve the rotor dynamics
problems that are inevitably associated
with rotating equipment.

3. One must assure the safety and the
social acceptability of the product. In a
way, the development of safe flywheels is
a great deal Tike the development of nu-
clear power. The safety must be assured
and must be accepted by the public.

A1l of the problems are interlocked. They
must be solved simultaneously to have a
valid new technology. However, if we are
considering whether we can have a new
technology, we want to focus on the portion
of the problem that appears to be the most
critical.

Many people, including ourselves, are
Tooking at potential uses. As the fly-




wheels with their housings approach the
energy densities of batteries, one market
estimate can be based upon the size of the
battery market. Furthermore, it appears
Tikely that the development of a good
energy storage flywheel applicable over a
broad size range would have advantages
over batteries and create new markets for
itself. A great many of the early fly-
wheel projects have been aimed at identi-
fying potential markets or uses. We are
satisfied that there is enough of a market
to Took more closely at the other concerns.

The safety problem already has also
attracted considerable attention. A pres-
tigious National Research Council sub-
committee has favorably reviewed the safe-
ty considerations of kinetic energy stor-
age systems applied to buses.

As has already been intimated, we be-
Tieve that new technology is involved and
is the crucial question. We believe that
technical feasibility as regards the non-
isotropic material flywheels has not been
satisfactorily addressed. It is time to
get into the Taboratory and take a good
hard look at the technical difficulties
involved.

When we turn to the technical prob-
Tems we are again faced with determining
which technical problem is most critical.
If we do go into the laboratory, we have
to work with all the problems, but we do
not have to solve them with the same rigor.
In a test facility, for example, it is not
necessary to extract power but only to
spin the flywheel to test its rotor dynam-
ics. It is acceptable for the bearings to
have a relatively short 1ife. The converse
is not true. One cannot develop the bear-
ings without knowing the life, the loads,
and the other environmental conditions
they must endure. There is hardly any
point in designing a power train or the
bearings if the rotor dynamics problems
cannot be solved. Therefore, there seems
to be a natural ordering of the technical
problems; the design of the rotor and its
suspension stands at the head of the list.

The approach that I have outlined is
the approach of an engineering researcher.
It is possible that a funding agency might
want to approach the problem in an entire-
ly different way. For example, a plausible
strategy might be to ignore the composite
flywheel concepts entirely, putting em-
phasis on development of the conventional
steel flywheels. The market would be

developed using these steel wheels and
presumably some entrepreneurial organiza-
tion would come along and find the way to
get greater performance by using the high-
promise, high-specific-strength materials.
We are looking at what the entrepreneurial
organization would have to do.

STRESSES

Stresses may be associated with the
mounting or may be purely internal to the
rotor itself. A perfect flywheel has
only internal stresses, symmetrical about
the rotational axis. It is these stresses
that are dealt with in discussions of
shape factors; these stresses were pri-
marily responsible for delamination in
early experiments. Analysis of the sym-
metrical stresses, based on continuum
assumptions, are well in hand® and have
led to the thin shell concepts. The sym-
metrical stresses are clearly important,
but the Timits that they identify are only
Timits to be approached depending upon the
stresses introduced by the second set of
sources, imbalance and Tack of symmetry.
These sources contribute both to mounting-
associated stresses and internal stresses.

The ideal shape for an isotropic ma-
terial flywheel 1is one that gives constant
stress throughout. This shape is very
thick near the hub and thin near the per-
iphery and is a good one for relatively
minimizing the effect of the imbalance and
lack of symmetry stresses. Mounting
forces act upon the thickest part of the
wheel, producing minimum stresses. Im-
baTance in remote parts of the wheel dis-
tribute their imbalance to thicker sec-
tions thus reducing their effect. These
isotropic flywheels are also made of
high modulus materials that are inherently
uniform on a small scale. There is no
lumpy Tloading and there is minimum distor-
tion because of the stiffness of the ma-
terial.

On the other hand, the optimum shape
for a composite flywheel is the thin ring.
There is clearly not much material avail-
able near the hub to distribute mounting
forces because this material detracts from
the energy density efficiency of the rotor.
In addition, most of the fibers have a
much lower modulus than steel. At the
same stress a KevlarR wheel would have
1.5 times the strain of a steel wheel and
a glass wheel would have 3 times the
strain. Because the composites are made
up of fiber, with some matrix material,




such as an epoxy, the scale of nonuniform-
ity is on the order of the size of the
fiber. Therefore we expect the forces due
to nonuniformity to be larger, we expect
the wheel to distort more in response to
those nonuniform forces that may further
amplify the stresses.

These kinds of effects are difficult
to analyze and have generally been handled
by computer programs based upon finite
element analysis. This kind of analysis,
although able to account for the gross ef-
fects described, is even more inadequate to
to the basic nature of the composite ma-
terial. The grid size chosen for any such
analysis is inevitably larger than the
scale of the nonuniformity involved. This
nonuniformity, however, cannot be ignored;
breakdown of a composite material will in-
evitably commence at the boundaries des-
cribed by the nonuniformity.

The basic question being addressed in
a consideration of the symmetrical versus
imperfection-originated stresses is wheth-
er to run the rotor with a subcritical or
a supercritical mounting. With a sub-
critical rotor, where rotation rate is be-
Tow the first resonant frequency, the
mounting stresses are proportional to the
speed and the imbalance. With the super-
critical rotor the mounting stresses are
determined by the stiffness of the mount-
ing and the extent of the imbalance. If
the mounting is made soft enough, the
mounting forces can be made arbitrarily
small Teaving only internal stresses in
the rotor.

It is natural to decide to run the
steel wheel subcritically. The steel
wheel is naturally thicker at the axis,
which makes it very stiff so that the res-
onant frequency is easily made high, it is
easy to design to run below resonance.

The opposite choice seems to be a
natural for the composite flywheel. The
thin ring is subject to much greater nat-
ural imbalance and is not likely to have a
very rigid configuration at the center for
its support. Decision to go to a super-
critical design seems altogether rational
in the light of anticipated stretching and
inherent nonuniformity. Instead of these
contributing to greater and greater mount-
ing stresses with increasing speed, these
forces can be limited to those provided by
a flimsy shaft or soft mounting springs.
Hardly any design choice, however, is
without disadvantages and, as might have
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been anticipated, there are many diffi-
culties associated with supercritical
operation.

BALANCE

when rotors are out of balance our
experience with car tires tells us we
should get them balanced. Certainly there
are very fine and sophisticated balancing
machines available. In fact, at one time
we at SRI had a rotor balanced on a device
used for balancing jet engine rotors, but
for a variety of reasons this rotor did
not perform any better than a rotor that
was very carefully statically balanced.

The problem is that nearly all ex-
perience with balancing is with rigid
rotor balancing. At most, two weights are
required to completely balance a rigid
rotor at any speeds. If the rotor is not
rigid the weights add stresses that create
strains and pull the rotor out of balance
at a different speed. In addition, the
mass creates a stress riser and becomes a
point where the rotor may first fail. A
general statement for a flexible rotor is
the following: Addition of mass can bal-
ance a flexible body for only a single
speed. Balancing for more than one speed
requires at least springs in addition to
masses. A general method that deals with
this question of balancing flexible rotors
does not exist.

It should be noted that there is a
subject called "flexible rotor balancing."
This subject deals with the balancing of
specific kinds of flexibility in rotors.
Essentially, the kind of flexibility dealt
with is a flexibility in the shaft where
it is considered that relatively rigid ob-
jects are mounted on this shaft. Flexible
rotor balancing is appropos to gas tur-
bines and deals with the guestion of mini-
mizing body-to-body resonances along the
shaft.

9

It seems that any time engineers are
brainstorming on the dynamics of balancing,
someone brings up the mechanism that bal-
ances the automatic washing machine.

Such a mechanism, of course, is not direct-
1y applicable to energy storage flywheels
because the balancing mechanism would in-
troduce rotor stresses that would become
probable points of failure. The automatic
washing machine mechanism, however, does
raise the question of whether or not there
is a way of winding a composite flywheel
that will in some analogous way cause the




masses to shift so as to correct for im-
balance. This is a question for creative
dynamics designers to examine.

Quite closely associated with the
question of balancing, of course, is the
description of the imbalance involved.
Just exactly how should we specify charac-
teristics of imbalance that we find in
certain kinds of composite materials.
Manufacturers literature on KevlarR shows
that this material is more uniform than
glass or carbon fibers. What the manufac-
turer shows is the deterioration and
strength with the increase in length of
the sample: The ultimate strength drops
off more sTowly with increased sample
length than with other materials. However,
we should note that we are dealing with
rovings and not with single fibers and
that additional nonuniformities are in-
volved in such rovings. Furthermore, we
are interested in the mass distribution as
well as the strength distribution and ul-
timately in the uniformity of the compos-
ite produced as well as in the basic com-
ponents.

It is clear to us that there is a
great deal more to be done in the subject
of balancing techniques and in character-
izing the materials to be used in noniso-
tropic flywheels. OQur approach thus far
has been simplistic. We have merely bal-
anced statically using small dabs of
epoxy.

SUPERCRITICAL CONSIDERATIONS

Running above the first critical
opens the Pandora's Box of self-excited
instabilities!1s12,13,14 kpown by a vari-
ety of names usually including "whirl."
UnTike the first critical, the vibration
on whirl frequency does not match the ro-
tating frequency and thus the stresses
oscillate at the difference. The stresses
may not be high but because of the oscil-
lation of stresses, fatigue becomes a
major consideration. Furthermore, it
should be noted that in materials with
damping, oscillations in stress will gen-
erate heat. Since composite materials
generally have greater damping than iso-
tropic materials, especially those used in
flywheels, heat generation could be a
problem. It is especially serious when we
consider that the flywheel will be operat-
ing in a vacuum environment in which heat
transfer through fiuid medium is elimin-
ated. We also note that the manufacturer
of KevlarR advertises that there is con-
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siderably more damping in Kev]arR
composites than in glass fiber composites.

Although there is probably no all-
inclusive cause of rotating instabilities,
a great many of the excitations have been
analyzed to arise from the forces assoc-
jated with hysteresis in the rotor. His-
torically there have been cases of fric-
tion in joints between the shaft and
disks as well as material hysteresis.
Although it is not true that all parts of
a rotor need avoid hysteresis--and, in
fact, certain portions subject to excita-
tions, such as the blades of a turbine,
use hysteresis to advantage--one needs to
be careful in using composite materials
in rotors above the critical speed. Hys-
teresis in rotor components subjected to
mounting stresses should be avoided.

A classical solution to super-
critical instabilities is to balance as
well as possible and then find, verify,
and always run at a speed that does not
cause trouble. This solution is used in
turbines, including jet aircraft engines.
Unfortunately this simple solution is not
available to the energy storage flywheel
since it must traverse large speed ranges
so as to exchange energy. Ideally, the
energy storage flywheel is capable of
idling at any speed for extended periods
of time.

A conventional mechanism to control
supercritical instabjlities is to use
external damping.15: > This 1is energy
that is removed due to the motion of the
rotor bearings and is to be distinguished
from damping from hysteresis or other
mechanisms within the rotor jtself. A
sufficient amount of external damping can
usually overcome the instabilities exited
by internal damping. Damping also makes
it easier to accelerate through the crit-
ical speed of the rotor.

Damping to eliminate instabilities
creates two problems that have not been
considered here. This damping is a heat
source similar to that of the internal
rotor dissipation. One must be sure to
provide a heat path from the damping to
the external environment. The second
problem is that the damping saps energy
from the wheel where one is trying to
preserve energy. Although the rate of
this energy loss may be small compared to
input and output rates, the accumulated
energy loss could be appreciable over the
extended periods that one might expect to




store energy in a flywheel for some appli-
cations. In fact, we anticipate that
damping deliberately induced will be a
critical factor in the self-discharge time
constant; it will be easy to provide bear-
ings that sap less power.

DESIGN

We decided to go the composite fly-
wheel route and to see whether we could
run a thin ring at high speed. What we
had in mind was to mount this rim on flex-
ible spokes designed to accommodate the
radial strain with speed.

We designed a simple spoke system
made of a lower specific modulus material
from the hub material so that self-loading
would keep the joint between the spoke and
the rim at zero tension. Our intention
was to make a very soft suspension and to
make the hub very small and light. We
realized that the ring created different
principle stiffnesses in the plane of the
ring and was equivalent to the elliptical
shafts that can cause problems. We made
some aluminum models (Figure 1) with
spokes of various stiffnesses and ran them
up through calculated natural frequencies
with a high speed grinder motor. Success
of these smaller models gave us the con-
fidence to proceed. Although we do not
recommend the simple diametral spoke model,
it did simplify the construction of the
wheel.

We ordered the ring, 26 in. overall
diameter, 1/2 in. square cross-section,
and the spokes (Figure 2) from a winding
house so as to take advantage of their
good commercial practices. The rim was
made up of KevlarR/epoxy and the spokes
of S-glass/epoxy. The spokes were more
difficult to manufacture as the packing
fraction was hard to maintain in the long
straight sections. The 26-inch diameter
was selected to be the largest that would
fit into an available vacuum test chamber.
The largest possible size was desired to
minimize the speed and thus the bearing
probiem.

We measured the properties of the rim
and of the spokes by sonic vibration tests
and by deflection tests. The tests did
not give similar results nor did the re-
sults correspond to those expected on the
basis of the raw material properties and
the manufactured specifications. We
suspect, on the basis of this single data
point, that there is room for improvement

138

in measuring of the properties of these
finished composite structures.

Since the center of the crossbar was
to be subjected to high stresses, and in
our design we decided to put the shaft of
the drive arrangement through that point,
we determined to examine the kind of
failure that might occur. The tests we
were able to achieve easily were to bend
the beam and therefore load the side ele-
ments in high tension. Figure 3 shows
the kind of failure at the edges of the
hole through the shaft made for the spoke
we designed to avoid this tested failure.

As a result of this disparity between
measured and expected properties we modi-
fied our procedure. We set the spoke in
position with an initial compression,
that is, we distorted the rim somewhat
toward an elliptical shape hence there
was a change in shape with speed in addi-
tion to a mere change in size. As we ran
up in speed the rim became more and more
circular. For drive power we used a
three-phase squirrel cage induction motor.
This unit was rated for continuous duty
at 12,000 rpm on 400-Hz power. Ue applied
the results of a previous motor control
project to build a transistorized control-
Ter that can drive the motor to 30,000 rpm
with smooth control of torque and speed.
The test facility is partly shown in Fig-
ure 4.

We found very guickly that it was
desirable to run with a mounting system
that is symmetric so as to separate the
wobble from the back-and-forth modes of
vibration. We also rediscovered that one
has to be careful with motion-Timiting
devices that touch the rotor else they
excite, rather than Timit oscillations.

Once we got through the preliminar-
jes, we actually began to do some runs
above the critical speed, which, incident-
ally, we could drive through easily. We
began to encounter the supercritical in-
stabilities. The solution we have used
is the one described of providing extern-
al damping. We used a rotating brake,
consisting of a coil and faceplate that
draws a rotating plate up against it and
uses friction to stop the rotation. One
of these was mounted above and one below,
in close proximity, to the level of the
ring on the outside of the bearings.

When we observed the shaft beginning to
wobble we could simply apply current to
the brakes, which extracted energy when




the shaft wobbled back and forth (did not
slow rotation). The solution appeared to
work well except that it applied tremen-
dous stresses to the hub section. The
failures that we have experienced have
been failures of this hub section appar-
ently due to the stresses and/or fatigue
or heating experienced there. Note that
we did not provide springs external to the
rotor but merely put additional bearings
on the shaft very close to the ring eleva-
tion and added damping at those bearings.
The shaft going to the end bearings, one
in the motor and one away from the motor,
still provided the basic flexibility that
determined the Towest frequency of the
rotor.

The damping we have introduced is a
very crude Coulomb type friction. We
would Tike to improve upon this, since it
is a critical element. We plan to imple-
ment the more sophisticated mounting sys-
tem shown in Figure 5. It consists of a
pair of sensors and drivers to replace the
friction devices on the shaft bearings
immediately above and below the Tevel of
the ring. The sensors pick up the motion
of the rotor and through external ampli-
fiers and drivers apply whatever force
programmed to correct for the disturbance
sensed. This would of course increase the
complexity of the device, going from pas-
sive to active damping. However, the
active damping may only be desirable in
the experimental device to determine what
passive damping is required.

Now that we have been through the
process in a rather disorganized and hap-
hazard fashion, I would Tike to present
the design procedure in a pattern where
the decisions follow sequentially in an
ordered way. Shown in Figure 6 is a de-
sign tree. The first choice is whether
or not to have an evacuated housing. The
answer is that the evacuated housing is a
necessity if you want to have energy stor-
age for any period of time. Then you move
on to the next choice, should we have a
composite flywheel or should we go the
conventional flywheel route. Our choice
has been made on the basis of our interest
in exploring a new area that appears to be
the more promising. In the next step we
choose the ring shape for reasons of ef-
ficient use of material. The subcritical/
supercritical choice seems to follow on
naturally from the shape selection. It is
important to note, however, that it is a
significant choice, since many problems
are implied. We choose a light suspension
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with external damping, again largely as a
consequence of the previous choice. Fi-
nally, we seek a spoke system, preferably
with greater symmetry than the two-spoke
model we have chosen. We desire to ac-
commodate radial expansion of the hoop,
while retaining lateral (and torsional)
stiffness.

In the future, we will have to deal
with the transition from rings to shells
and the additional modes that are involved.
We shall also have to make efficient use
of space, which seems to imply a nesting
of the shells. Figure 7 shows many of the
features that we believe will eventually
be incorporated in operational flywheels.
Each shell has its own, independent sus-
pension although torque is transmitted
from shell to shell.

CONCLUSIONS

The composite flywheel represents the
greater possibilities, involves new tech-
nology, and is not merely an extension of
the art. Basic considerations involve
rotor dynamics: (1) extension of the
theory of balancing to flexible rotors;
(2) characterization and measurement of
properties, especially mass and stiffness
uniformity; and (3) the assurance of sta-
bility from self-excited motions without
an excessive Toss of energy from the wheel
and without creating Tocal hot spots.

Ultimately, new theory will be re-
quired to solve some of these problems and
will show how close we can approach the
performance Timits dictated by material
properties and ideal behavior. However,
the composite flywheel seems to be an area
where clever design may be applied to
solve problems in the short run.

There are certainly technical diffi-
culties that need to be overcome before
flywheels will become practical hardware
and we have tried to identify some of
théese. The greatest difficulty of all,
however, appears to be the posture or be-
1ief that there are no problems.

Prepared for: The 1975 Flywheel Tech-
nology Symposium, University of California,
Berkeltey, California, 10-12 November 1975.
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ON EFFECTIVE USE OF FILAMENTARY COMPOSITES IN FLYWHEELS*

F. P. Gerstle, Jr. and F. Biggs
Composite Materials Development Division 5844
Sandia Laboratories
Albuquerque, New Mexico 87115

ABSTRACT

The characteristics of a class of efficient flywheel shapes suitable for high

strength filamentary composites were explored mathematically.

The basic rotor shape

selected for optimization was a circumferentially-wound solid disk of varying axial

thickness.
INTRODUCTION

The anisotropic character of high-
strength filamentary composites dictates a
different approach to flywheel design than
that employed for isotropic structural
materials. The energy stored per unit
mass (E/m) in a flywheel is proportional
to, and limited by, the specific strength
or strengths of the rotor material. For
an isotropic material with yield strength
Y and density p,

E/m = C (Y/o), c < 1
The proportionality constant C is a shape
factor; it approaches unity for_the equi-
stress tapered disk of Stodola.!s2 For an
anisotropic material with significant
strength in only one direction, the maxi-
mum value of C is 0.5, achieved in either
the thin-rim or tapered-rod designs. How-
ever, both of these shapes suffer from
poor volumetric efficiency (energy stored
per unit swept volume).

CIRCUMFERENTIALLY-WOUND DISK FLYWHEELS

In this paper a class of flywheel
shapes is explored, shapes which are ef-
ficient from both a mass and volume stand-
point. The basic rotor shape is that of a
circumferentiaily-wound disk of varying
axial thickness. This configuration re-
sults in a cylindrically anisotropic
structure with high circumferential stiff-
ness and strength but compliant in the
radial and axial directions. This struc-
ture was first analyzed under the assump-
tions of plane stress with axial thickness

An efficient shape is described that may be simple to manufacture.

h expressable as

where hg is the thickness at the hub

(r = a) and b is the outer radius of the
disk. The _solution is similar to that of
Sen Gupta;3 typical stress fields for a
flat (q = o), thick (a = b/a = 21) disk
are given in Figure 1. The low radial
stiffness of the anisotropic rotors

(Eg/Ey. = 16,64) eliminates the high hoop
stress at r = a seen in the isotropic disk:
the maximum of og moves towards r = b.
Also, the magnitude of (op)max decreases
as the ratio E4/E, increases. Some inter-
esting results have been identified: the
radii at which the maximum stresses occur
are proportional to a, and the magnitude
of these maxima are proportional to 2.

These shapes were investigated for
energy storage with respect to the thick-
ness parameter q. For anisotropic disks,
the highest energy density resulted from
flaring, rather than tapering, of the
disk.4 Typical results are plotted in
Figure 2, where Ky is the maximum hoop
strain of the disk. The case q = 0 results
in a value of C = 0.33, while g = 1 gives
C = 0.4.

To approach an optimum shape, the
function h was divided into k piecewise
lTinear segments of the form

h = h1 + vir i=1,2...00.0... k

*This work was supported by the U. S. Energy Research & Development Administration.




The equilibrium equation with this substi-
tution may be solved by a Greens function
containing hypergeometric functions. How-
ever, it was simpler to use a numerical
solution to the equation than to deal with
the Greens function. This direct numeri-
cal approach is also applicable to more
general forms of the thickness function
h(r), and permits the use of numerical
optimization techniques. Details of the
numerical solution and optimization rou-
tine are given in Ref. 4.

The optimization routine was used to
select shapes having large C values and
high ratios of (eg)pax to (ep)max- The
latter constraint was imposed to produce
a design in which hoop failure would be
the more probable. One attractive shape
is shown in Figure 3, along with its ra-
dial and hoop strain distributions. This
configuration should be relatively simple
to manufacture and makes efficient use of
the composite material. Its predicted C
value is 0.47 on either a mass of a volume
basis.
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FIBER EVALUATION FOR FLYWHEEL APPLICATIONS

Lynn Penn and T. T. Chiao
Lawrence Livermore Laboratory, University of California
Livermore, California 94550

ABSTRACT

This paper reports initial results of tensile tests of two kinds of epoxy-coated
glass fibers and an epoxy-coated Kevlar 29 aromatic polyamide fiber. Data show that
fiber strengths depend directly on resin content.

INTRODUCTION

A good data base of fiber information
for use in flywheel applications depends
on reliable testing of meaningful speci-
mens under realistic conditions. Much of
the data in the literature is valueless
because it was derived from tests made
under questionable conditions or from
unrealistic specimens. As a result, valid
comparisons of the properties of fibers
and fiber systems are often not possible.

The LLL materials study of fibers for
flywheel applications has two goals: (1)
to develop fiber property and performance
data that will permit valid comparison of
candidate materials, and (2) to use these
data for guidance of subsequent detailed
investigations for flywheel design.

A further goal is to evaluate and
improve processing and fabrication tech-
niques while producing specimens for test-
ing. Void content in composites is a
typical problem, as is uneven tension in
strands coming off the manufacturer's
spool and uneven resin distribution within
the thick fiber bundle. These and other
problems are under study.

SPECIMENS AND TESTS PERFORMED

Four fibers are being comgared:
E glass, S-2 glass, Kevlar 29%* and
Kevlar 49. The E glass is a single-end
roving with more than 2000 filaments per
strand, and was coated by the manufacturer
with a sizing that was compatible with

epoxy resins. The roving unwound from the

manufacturer's spool with even tension.
The S-2 glass is a twenty-end roving also

coated by the manufacturer with an epoxy-
compatible sizing. Kevlar 29 and

Kevlar 49 are 1500 and 1420 denier single-
end rovings without sizing.

All fibers were coated with 25% to
35% by volume (65% to 75% fiber volume)
of DER/Jeffamine T 403 epoxy resin by
running them over resin-saturated, felt-
covered rollers. The coated fibers were
wet-wound on mandrels and cured at 60°C
for 16 hours.

Simple coated fiber strands were
tested in tension. NOL rings, which are
relevant in shape to flywheel geometry,
were stressed to failure in hydroburst
apparatus.

RESULTS

Figure 1 summarizes the fiber
strength data obtained so far on three of
the four epoxy-coated fibers. Each data
point in this figure is an average of the
results from testing 20 to 30 strands or
4 to 8 NOL ring specimens.

It is evident from the data that
coated fiber strength of all three fibers
increased as the epoxy resin content of
the fiber bundle increased. At 70% fiber
volume there was little difference between
the fiber strengths of coated S-2 glass
and coated Kevlar 29 specimens, but

*
This work was performed under the auspices of the U. S. Energy Research & Development

Administration under contract No. W-7405-Eng-48.

%k

Reference to a company or product name does not imply approval or recommendation of
the product by the University of California or the U. S. Energy Research & Development
Administration to the exclusion of others that may be suitable.
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E glass epoxy fibers had much lower ten-
sile strength.

Since the strength to density ratio
of Kevlar 29 is higher than in the other
two fibers, Kevlar is more attractive from
a weight standpoint.

These studies are being continued to
build up a catalogue of data that will
allow us to compare fibers and fibers sys-
tems that were tested under the same or
equivalent conditions.

Tensile strengths of epoxy-coated
E glass, S-2 glass and Kevlar
29 fibers.

Fig. 1.
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EPOXY RESINS FOR FLYWHEEL APPLICATIONS

J. A. Rinde
Lawrence Livermore Laboratory, University of California
Livermore, California 94550

ABSTRACT

Key properties of three epoxy resin systems of different characteristics were
found to be suitable for filament winding and useful for flywheel applications.

The properties of composite materials
are being studied, both separately and as
composite structures, at Lawrence Livermore
Laboratory. For optimum performance of
any flywheel design, both the matrix
material and the fiber properties must be
fully utilized. This paper reports the
formulation and selected properties of
three epoxy resin systems of different
characteristics.

Because the criteria for selecting the
matrix material are not established, we
chose to study epoxy resins instead of
polyesters because of their lower shrinkage,
higher elongation, better adhesion to
fibers, and higher strength. However, in
general, polyesters are less expensive than
epoxies. We are studying several types of
epoxy resin systems because it is expected
that no single resin system will be optimum
for all flywheel applications.

We studied three epoxy resins with the
following characteristics:

1. Room or moderate temperature cure,

2. High fracture toughness,

3. High shear strength.

All of these resins were intended for
filament-winding applications and were
required to meet the following processing
requirements:

® Viscosity at 25°C of 0.7 — 0.9 Pa’'s

® Gel time for 30 g at 25°C greater
than 30 h.

The formulations of the three resins studied
are given in Table 1.

For formulation No. 1, the properties of
the cured resin vary with curing conditions.
At room temperature, the cure progresses to
about 707 after 56 days, but a higher degree
of cure (85%) can be obtained if curing is
carried out at 50-90°C. The tensile stress-—
strain properties are improved by the
elevated temperature cure as shown by the
curves in Fig. 1. By increasing the cure
temperature we have increased the tensile
strength about 107 and the strain at
maximum stress by about 50%. The other two
curves show the tensile stress-strain
results for formulation Nos. 2 and 3. Both
of these formulations show higher strengths
and strains than the low temperature curing
resin emphasizing the reduction in proper-
ties that result from the requirement for
room temperature curing.

Fracture toughness data were not
obtained on our formulation No. 2; however,
some information has appeared in the
literature® on a similar system. Figure 2
illustrates this data. In this figure,
the fracture energy is shown for both the
neat resin and a carbon fiber composite
with and without 6% Carboxy Terminated
Polybutadiene rubber. It is clear that
the presence of the rubber greatly
increases the fracture toughness of the
neat resin, but only slightly increases
the fracture toughness of the composite.

Shear properties of resin formulation
No. 3 were obtained on Kevlar composites.
Table 2 presents this shear data compared
with ERL2256/Tonox 60-40, a resin with
normal shear strength properties.

hThis work was performed under the auspices of the U.S. Energy Research & Development
Administration, under contract No. W-7405-Eng-48.
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Thesé results demonstrate that high three epoxy resin systems suitable for

shear strengths can be obtained in high filament winding that are useful for
tensile-strength epoxy resins (see Fig. 1). flywheel applications. Other proper-
ties of these resins can be found in
We have shown key properties of Refs. 2-5.
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Table 1. Formulations of epoxy resin systems.

Mixture Parts Cure

1. Room temperature cure resin
Dow® DER 332 ‘ 100 R.T. or
Jeffamine T-403 36 60°C for 16 h

2. High fracture toughness resin

Dow XD7818 50 4.5 h at 60°C
Dow XD7575.02 50 +3 h at 120°C
Dow XD7114 45

UniRoyal Tonox 60-40 33.7

3. High shear strength resin

Dow XD7818 50 5 h at 80°C
Dow XD7575.02 50 +3 h at 120°C
Dow XD7114 45

UniRoyal Tonox 60-40 14,1

2, 6-Diaminopyridene 14.1

8Reference to a company or product name does not imply approval or recommendation of
the product by the University of California or the U.S. Energy Research and
Development Administration to the exclusion of others that may be suitable.
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Table 2. Shear properties of the epoxy resin formulated for
high shear strength compared with ERL2256/Tonox 60-40.

Shear property, MPaa 2256 Resin 3
Shear, * 45° laminate 21 41
Modulus 1690 1890
Interlaminar shear 29 46
8For conversion, 6.89 MPa = 1 ksi.
120 T T T |
—16
100 Formulation No. 3;
High shear strength —14
-112
80|~ \‘Formulation No. 2;
High fracture toughness
= 110 =
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Fig. 1. Tensile stress-strain curves showing relative strength of
resin systems.
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STRESS REDISTRIBUTION DUE TO RADIAL DISPLACEMENTS
AND ITS EFFECTS ON ENERGY STORAGE CAPABILITY

E. J. Brunelle
Department of Mechanics
Troy Building, Room 304
Rensselaer Polytechnic Institute
Troy, New York 12181

ABSTRACT

Two very simple models are used to determine qualitatively the effects of radial
displacement on the maximum attainable rotational speed of a mass, the stress redistri-
bution that occurs and the maximum kinetic energy that can be stored. Since the text
below is abbreviated, the actual nonlinear model will not be discussed, nor will the
imperfection sensitivity analysis. Some pertinent references are listed.*

THE BASIC MODEL spring constant k yields the spring
stress o and the system kinetic energy T
We consider a mass M rotating with to be,
an angular velocity © and restrained by a 5 1
spring whose spring constant is k and o = E [(QD/Q) -1] -

whose unstretched Tength is 2. We denote

the radial disp]acegent of the mass by u, nd
define a quantity @y = k/M and freely a ) )
use the strength of materials result _ 2 2] -
k = AE/2 where A is the area and E is T = 1/2 Mo []—(Q/QD) }
Young's Modulus of an "equivalent rod"
represented by the spring constant k. A If we Tet k - » we obtain the correspond-
free body diagram of the mass shows the ing classical results,
restoring force -ku and the centrifugal 5 5
force Mo2{s + u). Solving for u we find g = M2/, and T = 1/2 Mo .
that, cl A cl
_ 2 -1 Furthermore, we record the ratios of the
u/s [(QD/Q) ]] ’ above quantities for their possible in-

terest to the reader.

We note that as 2 » Qp, u/8 » =,
which is a static nonconservative instabil- o - [ 2] -1
ity classified as divergence. This value /0c1 - [ '(Q/QD)
of @ = Qp is an upper bound to the attain-
able angular velocity; in a ductile non- and
Tinear softening material we may reach
divergence before tensile fracture occurs. T T _ [] ( )2] -2
This would certainly be an unusual case. Moy = -(a/a,
Usually the spring breaks (tensile frac-
ture) first and we will use that assump-
tion in the sequel.T Assuming a finite

*
The author will be happy to supply Xerox copies of the transparencies used during the
presentation of this paper at the symposium.

TIn reference (1) Bisshopp uses a first order correction for area decrease due to
Poisson contraction effects and finds the refined estimate of Qp to be 30% lower than
the result given by the crude model used in this presentation.
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We now tuyn our attention to the
value of ¢ = ¢~ at which the spring
breaks. The rotational speed Qx at which
this occurs will be different for classi-
cal (k - =) and nonclassical (k finite)
results. Also, the kinetic energy stored
at o = o will be different for classical
and nonclassical results. After some
manipulation we find the desired ratios,

Q% _ o} -1/2
o = e
cl
and T« _ o}
Ty O

If we let 0%/E = 0.2 (for a "future-day
super material") we find that

Q% ~ Tx
.= 0.91 and =/=— = 1.2.
Q*C'I T*C]

Therefore Qx must be = 91% of Qx_, to pre-
vent breaking (tensile fracture); but even
at this reduced angular velocity, 20% more
kinetic energy is stored!

REDUCTION IN ©x AND INCREASE IN STRESS
ATTRIBUTABLE TO RADIAL ACCELERATION

If the mass M is vibrating radially
as well as rotating at an angular veloc-
ity @, our previous free body for the
basic model has a D'Alembert force -Mu
added to it. This results in the equation
of motion

u+ wzu = 922 where wz = QZD - 92.

For @ < gp the motion is bounded (it is
unstable for 9 = Q). and if we impose
unit impulse boundgry conditions ( u(o)= o
and u(o) = 1/M ) the solution for the

stress (o _ kul is given by
E )
2
o - 1 2 -
E or Sin wt + (w) (1 - cos wt) .
*
If we assume & = 0.2 and let wt = 7

we can easily ~ calculate the reduced
allowable angular velocity QxpyN at
which the system will break ’

under the additional dynamic stresses
caused by the unit impulse. Calculation
shows that

() pyy

o 0.7386 .

If only a unit impulse is applied to
the rotating mass, the safe angular veloc-
ity is less than 74% of its steady state
o+ value. Note also that a very likely
manner to obtain a radial impulse (prob-
ably much larger than unity) is to lose a
fragment of the flywheel.

At this point we have talked about
the maxlmum kinetic energy storage for a
given ¢ /E at a constant Qx, and the re-
duction in @ caused by impulsive radial
loads. A more careful discussion would
have to include {i) vibratory stresses
(and hence further decreases in 9x) aris-
ing from imperfections and rotational
shaft flexibility and (ii) transient
stresses caused by changes in @ during
"charging" and "discharging" kinetic
energy (once again the operating value of
o would have to be less than o« calculated
for steady state conditions). For brevity
we delete these topics and proceed to a
more realistic model which can yield qual-
itative results about rim-spoke flywheels
and other similar hybrids.

THE ROTATING ROD WITH A TIP MASS M

*

Referring to (2) , where we also find
the plane stress solution for the rotating
constant thickness disk, the relevant dif-
ferential equation and boundary conditions
in terms of a nondimensional distance
z = x/% and a ngndimensional frequency
squared k2 = mel @2/EA, where m is the
mass per unit length of the rod, are given

by

2
(_j_‘i + kzﬂ,l;
dgz
u(o) = o
du(1) _ M 2
ar = i k [Z + u(])s] s

o ; classical equations

1 ; exact equations

*
There are misprints in the classical re-
sults, equations (4) and (5), in (2).




These equations can readily be solved for

u and (u)cy and since o z 3u we obtain
E oax

the desired o/E solutions easily.

They are,

o cos kg -1
E cos k [1 - %E k tan k]
K2
g _ cl 2 M
@ = 1 adn]
cl
Letting %E’ 4, to be representa-

tive of a rim-spoke flywheel model, and

Tetting UEO) . %3.: 0.2 we find that

k = 0.1930 , kc] = 0.2108

and hence Q% = 0'9]6Q*c1 , that is to

say that the actual rod-tip mass configur-
ation can be spun at only 91.6% of the
classical solution for Qx.p - Further

calculation will show approximately a 20%

increase in maximum stored kinetic energy.

Other results may be seen in (3), where
the SUPER FLYWHEEL configuration was
studied in some detail.
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LONG-TERM PERFORMANCE OF FIBER COMPOSITES

) Cherry C. Chiao
Lawrence Livermore Laboratory, University of California

Livermore, California

94550

ABSTRACT

Lawrence Livermore Laboratory has been evaluating the long-term performance of

fiber composites for over 6 years.

for the flywheel program.
being developed.

Fiber composites have been used in
many important applications. Recently
they are also being considered as the key
materials for flywheels to store energy.
Because an operating flywheel is under
sustained load, data on the life of com-
posites are very important. The life or
long-term performance of composites is
usually evaluated by the stress-rupture
test. Figure 1 shows a schematic repre-
sentation of the test.

Lawrence Livermore Laboratory began its
stress—-rupture test program in 1969. One
of our facilities (Fig. 2), which houses
400 test apparatuses, has been in operation
for several years. At present, we have 5
vears of life data for S-glass/epoxy**
(Fig. 3), and 4 years of data for
Kevlar 49/epoxy! composites (Fig. 4).
Apparently, there is an exponential depen-
dency of time-to-failure on the applied
stress. ’

Currently, we are concentrating our
work on E-glass/epoxy composites for
flywheel applications. The large fiber
bundle of E-glass created some problems
for specimen impregnation and testing. We
have modified our filament winding process
to achieve uniform penetration of epoxy

Several years of stress-rupture data for S-glass/epoxy
and Kevlar/epoxy composites have been obtained.
An accelerated test to predict life of composites is also

Other composites are now being studied

on E-glass. We have designed and built
high-load stress-rupture apparatus (Fig. 5)
specifically for testing flywheel materials.
For this application, the long-term per-
formance of S-2 glass/epoxy and Kevlar
29/epoxy composites will also be evaluated.

. Fiber/epox
Timer /strand P

\é Switch

The stress-rupture test.

Fig. 1.

*
This work was performed under the auspices of the U.S. Energy Research & Development
Administration, under contract No. W-7405-Eng-48.

%%
Two epoxies were studied:

(70/30/40) in 40% acetone solution.
Chemical Jeffamine T-403 (100/36).
cured at 76.7°C for 24 h. '

+Union Carbide ERL 2258/7ZzL 0820 (100/30).
cured 2 h at 163°C.

(1) Dow DER 332/Union Carbide ERL-4206/Celanese Epi-Cure 855
These specimens were gelled at 60°C for 16 h,
again at 76.7°C for 24 h, and cured at 176.7°C for 45 min.

(2) Dow DER 332/Jefferson

Specimens gelled at room temperature for 16 h and

The specimens were gelled 3 h at 93°C, then
Reference to a company or product name does not imply approval or

recommendation of the product by the University of California or the U.S. Energy
Research and Development Administration to the exclusion of others that may be suitable.
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Fig.

Fiber stress in composites (MPa)

Lawrence

2. One of the stress=-rupture test facilities in the
Livermore Laboratory.
4‘]40‘ T III T L T T III T ) Ill T 1T T T 17 T T 11
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Time to failure, h
Fig. 3. Stress-rupture failure contour lines of

S-glass/epoxy strands.
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Fig. 4. Stress-rupture failure contour lines of

Kevlar/epoxy strands.

The general problem of the conventional
stress-rupture test is that it is imprac-
tically long and expensive. We are
presently developing an accelerated test
to predict life of composites. The
acceleration involves both temperature
and stress. The relationship among life-
time, t, applied stress, 0, and absolute
temperature, T, can be represented by
Zhurkov's modified Arrhenius equation:

t =t exp [(U - ao)/kT],

o o

where k is Boltzmann's constant; to, Ug,
and o are material constants that can be
obtained experimentally.

We are equipping close to a thousand
stress-rupture apparatuses in a new test
building that will provide:

1. High-load stress-rupture testing
for flywheel applications,

2. Temperature control for accelerated
testing, and

3. Additional room temperature testing
equipment.

In summary, we already have several
years of stress-—rupture data for S—glass/

=
o

"3

Movable

dJustdb1e{w%w

 Flexible
shaft

High-load stress-rupture apparatus
for flywheel program.

Fig. 5.



epoxy and Kevlar/epoxy composites, and we
have begun to collect data on other com-
posites for the flywheel program. We
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also have started an accelerated testing
program for predicting the long-term
performance of fiber composites.




POTENTIAL MERITS OF THERMOPLASTIC COMPOSITE MATERIALS FOR MODULAR RIM FLYWHEELS

J. H. Laakso
Boeing Aerospace Company
P. 0. Box 3999

Seattle, Washington

ABSTRACT

98124

This paper discusses the unique properties of certain thermoplastic composite mater-

ials and their application to the fabrication of Tow-cost flywheels.
laboratory filament winding of thermoplastic vessels is described.

Experience 1in
Cost related aspects

in making large thermoplastic flywheels are discussed.

INTRODUCTION

Flywheel concepts currently being
studied for energy storage involve a vari-
ety of filamentary composite materials.
Small prototype flywheels have already
been fabricated by several companies using
Kevlar 49, E-glass, and S-glass as fibers
and thermosetting epoxy resins as matrix
materials.

Thermosetting composites may not be
suitable for large flywheels because of
problems such as residual thermal strain
after curing, resin shrinkage, and short
shelf (pot) life. Though new understand-
ing of these problems is coming out of
current flywheel research programs, prac-
tical fabrication processes have not been
developed yet.

The purpose of this paper is to pre-
sent thermoplastic composites as alternate
candidate materials for composite fly-
wheels. While thermoplastic flywheels
have not been actually fabricated, there
is sufficient evidence from other thermo-
plastic research and applications to sug-
gest that thermoplastics should be seri-
ously considered for flywheels.

This paper presents briefly (1) some
ideas and related background for filament
winding flywheels with thermoplastics,
(2) properties of selected materials, and
(3) cost considerations.

THERMOPLASTIC COMPOSITE DESIGN CONCEPT

For purposes of discussion, the
thermoplastic, rim-type, flywheel design
concept selected is illustrated in Figure
1. The construction would be essentially
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the same as an S-glass/epoxy flywheel,
except that the resin material would be
thermoplastic. Though a wide variety of
engineering thermoplastics are candidates,
phenoxy and polysulfone resins (both Unjon
Carbide products) are of main interest be-
cause of our previous experience with them
(References 1 and 2).

MANUFACTURING ASPECTS

Because thermoplastic resins need
only heat to soften them, the flywheel
fabrication process can be simplified, as
indicated in Figure 2. Figure 3 shows a
winding setup in which dry pre-impregnated
thermoplastic composite material (strands,
tow or tape obtained from vendors) is
heated to the softening point of the resin
and fed to a rotating rim unit. A sig-
nificant aspect of this process is that
each winding rapidly becomes a structural
(self-supporting) part of the rim as soon
as the resin cools.

This process introduces interesting
possibilities for 1ightweight mandrels
and programmed winding to produce residual
radial tension. The strength degradation
caused by resin migration and fiber buck-
ling that is seen in some thermosetting
composites should be eliminated with this
process (such problems have occurred pre-
viously with large filament-wound epoxy
rocket motor cases).

MATERIAL PROPERTIES

Figure 4 shows typical properties
for phenoxy and polysulfone resins. Also,
the resins have high ductility, good
strength, and they do not burn. Since
phenoxy resin has a Tower heat distortion




temperature and Tower melt temperature
(about 5009F) than polysulfone resin does,
it would be a first choice for filament-
wound flywheels. Furthermore, phenoxy
resin is low cost. However, because of
its high heat distortion temperature,
polysulfone is the preferred resin if an
elevated temperature environment exists.

Figures 5 and 6 depict the tensile
properties of glass fabric laminates made
from the selected thermoplastics using
epoxy resins as the matrix (Reference 1).
The properties are comparable over a wide
range of temperatures.

The stress-strain curves in Figure 7

illustrate the ductility of thermoplastics.

The higher impact strengths (Figure 8,
Reference 1) and fatigue resistance (Fig-
ure 9, Reference 1) of thermoplastic com-
posites may be attributable to the ductile
nature of the thermoplastic resins. The
beneficial effects of resin ductility also
appear in short-beam interlaminar and in
transverse laminate bending tests, in
which brittle fracture typically does not
occur,

Polysulfone resin is remarkably creep
resistant (Figure 10). This property
translates into creep-resistant Taminates,
as indicated in Figure 11 (Reference 2).
Creep resistance is obviously an important
material property requirement in flywheel
applications.

PREVIOUS FILAMENT WINDING EXPERIENCE

The Boeing Aerospace Company conduct-
ed research on filament-wound thermo-
plastics in the period 1966 to 1970. The
work established a laboratory process for
winding pressure vessels that can be scal-
ed up to make large flywheels. Figure 12
shows a tested vessel having an S-glass/
phenoxy hoop overwrap on a 2219 aluminum
liner. The liner was relatively thin,
compared to the overwrap, and served as
the "mandrel" during winding. Figures 13
and 14 illustrate the laboratory winding
setup used. In principle, this setup is

similar to the schematic shown in Figure 3.

Other pressure vessels, such as the one
shown in Figure 15, were successfully
wound using both S-glass and Kevlar 49
filaments in phenoxy resin.

COST CONSIDERATIONS

In 1968, a Timited study was made of
large-scale, thermoplastic, filament
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winding applications. Conclusions from
that study, summarized in Figure 16, are
pertinent to the Tow-cost flywheel fabri-
cation problem. In particular, the elim-
ination of wet resin processing and oven
curing of epoxies by replacing them with
thermoplastics should result in fabrica-
tion cost savings. Also, because of the
thermoplastic process simplicity, fly-
wheels could be fabricated by a number of
manufacturers.

As part of the previous study, a
cost analysis was conducted on the Targe
scale vessel shown in Figure 17a. In
several respects this vessel would have
design features similar to flywheels.

The cost analysis assumptions used in the
study are also listed in Figure 17a.

Figure 18 shows the resulting vessel
fabrication costs as a function of number
of vessels. Of main interest is the
rapid amortization of non-recurring costs,
which were initially high. With volume
production, the unit costs would approach
the basic material costs.

Another cost-related aspect of
thermoplastics is their recyciing possi-
bilities. Figure 19 suggests that used
fiywheel rims can be either resized or
recovered by grinding into pellets for
other commercial injection molded pro-
ducts. Furthermore, while this may be
only an interesting speculation, flywheel
rims, Tike all thermoplastics, would have
value to the scrap market.

SUMMARY

The potential merits of the thermo-
plastic composite flywheels highlighted
in the preceding discussion are summarized
in Figure 20. The potential aspect is em-
phasized because much research and devel-
opment will be required before the feasi-
bility of large thermoplastic composite
flywheels can be established. This is also
the case with composite flywheels in gen-
eral.

Recommended research tasks appear in
Figure 21. We believe that future re-
search and development efforts should be
directed at large, thick prototype thermo-
plastic composite flywheels in the areas
of (1) design synthesis, (2) radial
(transverse) property characterization,
(3) prototype fabrication and (4) spin
testing.
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rowe 1 Modular Rim Flywheel Concept

FILAMENT-WOUND
COMPOSITE RIMS

\ ELASTOMERIC BONDING
MATERIAL

FIGURE 2 THERMOPLASTICS PROVIDE MANUFACTURING SIMPLICITY

0 EXISTING FILAMENT-WINDING FACILITIES CAN BE EASILY MODIFIED FOR THERMOPLASTICS
0 THERMOPLASTIC COMPOSITES REQUIRE LESS FABRICATION EFFORT THAN THERMOSETS
- RAW MATERIAL IS A DRY PREPREG
- NO CURING (CHEMICAL REACTION) OPERATIONS REQUIRED
0 PROVISIONS REQUIRED FOR LOCAL HEATING/COOLING OF PREPREG
0 LIGHTWEIGHT WINDING MANDRELS CAN BE USED
0 QUALITY CONTROL IS SIMPLIFIED
- NO SHELF-LIFE, CHEMISTRY PROBLEMS
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acwe s Flywheel Rim Winding Set-Up

TENSIONER

PREPREG
REELS
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FIGURE 5
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MODULUS (106 psi)

FIGURE 6

Tensile Modulus vs Temperature of

181 Glass Fabric Laminates
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neue » Tensile Stress-Strain Curves for Various Polymers

TENSILE STRESS (LB/IN.2)

20,000
EPOXY [1]
18,000 g / / ERLA 4617/MPDA
N
16,000 - 3 EPOXY [1]
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8,000
POLYSULFONE [2]
6,000 P-1700
REFERENCES
4.000 [1] MIL-HDBK-17A
[2] UNION-CARBIDE
2,000 VENDOR DATA
0 1 1 { { 1 |
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STRAIN (%)
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acwe s 1ZOD Impact Strength*® of 181

IMPACT STRENGTH (FT-LBS/INCH)

16
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Glass Fabric Laminates

14.3
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I T
1

PKHS-1 P-1700 EPOXY

*NOTCHED
(ASTM 256-56T)
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FIGURE 9

MAXIMUM CYCLIC STRESS (%)OF STATIC VALUE)
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acue 10 Creep Behavior of Polysulfone Resin
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(%)
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FIGURE 12 S~GLASS/PHENOXY OVERWRAPPED ALUMINUM PRESSURE TEST VESSEL
(BURST AT 1005 psi)
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TEST TANK]

TUBE FURNACLE
HEATS FILAMENT

S GLASS IMPREGNATED
WITH THERMDPLASTIC

CIoURt 13 OVERWRAPPING TEST TANK WITH S GLASS AND THERMOPLASTIC
RESIN SYSTEM :

178




UBE FURNA

FIGURE 14 CLOSEUP OF OVERWRAPPING TEST TANK WITH THERMOPLASTIC
"RESIN SYSTEM AND S-GLASS
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FISURE 15 FILAMENT-WOUND KEVLAR-49/PHENOXY TEST BOTTLE
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FIGURE 16  FARRICATION COST ADVANTAGES

0 THERMOPLASTICS COMPOSITES OFFER POTENTIAL FOR LOW FABRICATION COSTS

- HIGH WINDING SPEEDS

- REDUCED QUALITY CONTROL REQUIREMENTS

- NO CURING REQUIRED
- CONTINUOUS WINDING
- LOW RESIN COST

- REPARABLE

WITHOUT STAGING

- SCRAP OF VALUE TO COMMERCIAL MOLDERS

-oue 17« Filament-Wound Thermoplastic
Vessel Cost Study

< 0.25 INCH STEEL LINER

o
-

K\CHES
—T

18.75 FEET

N’
7
—
=

E-GLASS/PHENOXY RIMS

150 FEET

® ASSUMPTIONS:
1968 COSTS

MATERIALS

E-GLASS ROVING—BEAMED, AT 31 CENTS PER LB (75% BY WEIGHT)
RESIN, AT 40 CENTS PER LB (25% BY WEIGHT)

STEEL LINER 1/4-INCH THICK, AT 50 CENTS PER LB — FABRICATED
LABOR COSTS AT $15/HOUR

WINDING SPEED—25 FPM (100 FPM FEASIBLE)

COMPOSITE WEIGHT 1,056,000 LB PER VESSEL

@ DEVELOPMENT COSTS
ENGINEERING: MATERIALS AND PROCESS DEVELOPMENT $200K

AUTOMATED MACHINERY DEVELOPMENT: $1,000K
MACHINERY MANUFACTURE: $200K PER COPY
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FIGURE

17b

0 RECURRING COSTS PER VESSEL

SET-UP AT 30 MANHOURS PER SEGMENT

WINDING LABOR AT 185 MANHOURS PER SEGMENT

(INCLUDES MACHINING END DOVETAIL JOINTS)

MATERIALS:
' LINER

. RESIN (266,000 LBs.)
. cLAss (790,000 Lms.)
TOTAL RECURRING COST PER VESSEL

0 CALENDAR TIME PER VESSEL (TWO-SHIFT OPERATION):

0 VESSELS PER YEAR:

10 PER MACHINE

28 WORK DAYS

$ 3,600

2,800

4,500
113,000
245,000

$3€8,900

rewe 18 Filament-Wound Thermoplastic Vessel Costs

20
1.8
1.6
14
1.2
1.0
0.8
0.6

COST PER VESSLE (10® DOLLARS)

0.2

e COMPOSITE PART COSTS ONLY

® 1968 COSTS

04

$1.71/LB

$.62/LB
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nowe 19 Recycling Possibilities
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FIGURE 20 MERITS OF FILAMENT-WOUND THERMOPLASTIC COMPOSITES FOR FLYWHEELS

0 BENEFICIAL MATERIAL PROPERTIES
- HIGH STRENGTH TO WEIGHT
- GOOD CREEP RESISTANCE
0 CONVENIENT RAW MATERIAL FORM
- DRY PREPREG HAVING LOW-COST RESIN
- NO SHELF-LIFE PROBLEMS
0 SIMPLE FILAMENT-WINDING PROCESS

- HIGH SPEED

PROCESS NOT TIME-DEPENDENT

RIGID RIM LAY-UP

NO CURING REQUIRED
0 MATERITALS ARE RECYCLABLE

FIGURe 27 FEUTURE R & D REQUIRED

O ADDITIONAL MATERIAL CHARACTERIZATION STUDIES
0  ESTABLISH PROCESS FOR FILAMENT-WINDING THICK THERMOPLASTIC COMPOSITE RIMS
- S$-GLASS/POLYSULFONE

- KEVLAR-49/POLYSULFONE

FABRICATE PROTOTYPE FLYWHEELS

CONDUCT SPIN TESTING OF PROTOTYPE FLYWHEELS

INVESTIGATE CREEP AND STRESS RUPTURE RESPONSE LIMITS

ESTABLISH DESIGN ALLOWABLES

o O O O o

DEFINE IN-SERVICE MONITORING/TEST METHODS AND ACCEPTANCE CRITERIA
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ENGINEERING PROPERTIES OF ELASTOMER/ADVANCED COMPOSITE LAMINAR STRUCTURES

A. F. Lewis and R. T. Natarajan
Lord Corporation
2100 West Grandview
Erie, Pennsylvania 16512

ABSTRACT

This paper reports studies of the adhesive joint strengths and the vibration damping
properties of elastomer/composite laminates. The studies were made to develop data re-
lated to Post's design for a concentric composite ring/elastomer flywheel. Test speci-
mens were made from carbon fiber/polysulfone and phenolic composites laminated to sulfur-
cured natural rubber, SBR or nitrile rubber compounded in carbon black filled recipes.
Conclusions were that elastomer/composite adhesive joint strengths and the vibration
damping properties of composites depend on the orientation of the composite surface ply,
but that the damping behavior of composite constrained layer laminates are independent

of ply orientation.

INTRODUCTION

Advanced fiber-reinforced polymer
composites and elastomeric materials each
taken separately represent vast areas of
materials engineering technology. Struc-
tures employing the combination of these
two "divergent" material types are scarce-
1y known. Among the various reported ma-
terial structures employing this combina-
tion are bead wires in tire construction
(1), gaskets for rocket nozzles (2), and
energy storage flywheels (3). It is the
intent of this paper to review, in broad
detail, results of some studies conducted
to determine the engineering properties of
elastomer/advanced composite Taminar struc-
tures. Such a configuration, shown in
Figure 1, is known as a constrained
(viscoelastic) layer laminate. Constrain-
ed layer Taminates using sheet metal plys
are well-known structures for vibration
damping applications (4).

The reported concentric composite
ring/elastomer superflywheel design pro-
posed by Post (3) represents a constrained
layer structure whose purpose is to mini-
mize internal radial stresses in the vari-
ous rings. The data presented in this
paper may be useful in the context of such
applications and structures. Of particu-
lar interest here is the need to know the
adhesion strength properties of elastomer-
to-composite bonds. It may also be help-
ful to know the vibration damping proper-
ties of composite materials and composite/
elastomer Taminar structures; this infor-
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mation may be useful in estimating the
long-term fatigue behavior of such struc-
tures.

EXPERIMENTAL
MATERIALS

The composites used in this study
were fabricated from commercially-avail-
able, epoxy-based, unidirectional prepﬁeg
materials (ThornelR 300/Epox¥ Rigidite
5208, S-glass/Epoxy Rigidite™ 5208, Kev-
1arR/Epoxy RigiditeR 5208). For compari-
son purposes, the vibration damping prop-
erties of carbon fiber (Thornel® 300)/
polysulfone and phenolic composites were
also measured (see Table 2). The compos-
ites were prepared by special order by
Whittaker R & D, San Diego, CA. The elas-
tomeric material used in this study was
sulfur-cured natural, SBR or nitrile rub-
ber. Standard carbon black filled rubber
vulcanizate recipes were employed.

ThornelR - registered tradename of Union
Carbide Corporation for graphite fiber.

RigiditeR - registered tradename of
Narmco Division, Celanese Corporation
for epoxy resin prepreg.

KevlarR - DuPont Co. tradename for poly-
aramid fiber.




The adhesive used in bonding the
elastomer to the composite was the
ChemlokR 220 adhesive system; a product
of the Hughson Chemicals Division of Lord
Corporation.

METHODS

The adhesion tests performed in this
study are described by the ASTM-D429-73
Method B. The so-called 450 peel test
modification for rubber to metal bonding
was employed. In order to prevent the
bending of the composite during peel test-
ing, the composite specimen was backed
with 16 gauge steel &composite bonded to
steel using Versilok™ 506, structural ad-
hesive, Hughson Chemicals Division of
Lord Corporation).

The loss factors of the composites
and composite structures were measured
using the_forced vibration resonance meth-
od. A Bruel and Kjaer type complex modu-
lus apparatus was used to determine the
loss factors and storage moduli. These
specimens were approximately 10" long and
1/2" wide and clamped at one end, under
controlled pressure, in the apparatus.
Details of these measurements have been
published elsewhere (5).

RESULTS AND DISCUSSION
ELASTOMER/COMPOSITE ADHESION

A series of adhesion peel tests
(ASTM-D429-73, Method B) were conducted on
1" wide unidirectional fiber/epoxy steel
backed composite strips. The data obtain-
ed are presented in Table 1. In these
experiments, the effect of composite sur-
face ply orientation (against the rubber)
on peel strength was determined. 1In the
cases where cohesively-strong rubber types
were used (Nitrile and SBR), peel
strengths depended upon composite surface
ply orientation relative to the direction
of peeling. The peel strength was Towest
when the samples were peeled 900 to the
orientation of the composite surface ply;
fiber-matrix (adherend) failure was ob-
served. When the peel direction was para-
17el to the fiber ply direction, good
"rubber tearing" bonds were observed. In
the natural rubber studies, no effect of
surface ply orientation was observed be-
cause cohesive failure in the rubber oc-
curred before enough pulling stress could
be imposed on the composite to disrupt and
pull the fibers from the matrix.
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It is of interest here to compare

the peel strength behavior of the nitrile
rubber against the carbon {graphite)
f1ber/eBoxy composite and the aramid

Kevlar®)/epoxy composite. In the case
of aramid/epoxy composites, it is observed
that some adherend (composite) failure was
observed even for the peel tests conducted
on the 00 orientation (see Figure 2).
These data indicate that, under the impos-
ed peeling stresses, the aramid/epoxy
composite is cohesively weaker than the
carbon (graphite) fiber/epoxy composite;
the aramid fiber/matrix adhesion is poorer
than the carbon (graphite)/matrix adhes-
ion.

VIBRATION DAMPING PROPERTIES

Turning to the property of vibration
damping of elastomer/advanced composite
laminar structures, the vibration damping
properties of several fiber/matrix com-
posite systems were measured using the
force of vibration resonance technique.

Data are presented in Table 2. The
data were compared within the same fre-
quency range (same decade). In these uni-
directional composites, damping was 3 to
5 times greater when the beam was flexed
across the fibers than when flexed paral-
lel to the fiber direction. Cross-ply
composites showed intermediate vibration
damping properties. The loss factors for
the composites flexed in a direction
parallel to the fibers were generally Tow,
and comparable to the Toss factors of
metals. The composite made using phenol-
ic resin as a matrix had a higher loss
than the other resin systems studied. It
is believed that in the cured state, this
matrix material, as a result of water
liberated as a product in the cure re-
action, exists in a more defect structure
form. These defects most 1ikely disrupt
the fiber/matrix bonding thus increasing
the potential for internal friction with-
in the composite material.

In comparing the data in Table 2, an
anisotropy in loss factor occurs depend-
ing upon the orientation of the fibers
relative to the dynamic flexing direction.
It may be said that the damping proper-
ties of a unidirectional composite that
is flexed parallel to the fiber direction
behaves as a "reinforced" composite (Tow
damping), while a composite that is flex-
ed perpendicular to the fiber direction
behaves as a "filled" composite (high




damping, characteristic of the matrix
polymer).

The vibration damping properties of
constrained layer laminates made employ-
ing some of the unidirectional composites
described in Table 2 are presented in
Table 3. In these Taminar structures,
natural rubber was used as the viscoelas-
tic interlayer media. As can be observed,
the loss factors for these constrained
layer laminates are much higher than the
component composite plies. The loss fac-
tors approach the loss factors of the
natural rubber interlayer. Furthermore,
no strong anisotropy effects due to the
fiber orientation were observed in these
constrained layer laminates. The vibra-
tion damping results for the composites,
constrained layer laminates and isotropic
materials are summarized in Figure 3.

The dynamic elastic storage modulus,
as determined from the resonance frequency
of the vibrating beams, is also observed
to be dependent upon ply orientation (see
Tables 2 and 3). This 1is expected since
such a property characterizes the planar
mechanical stiffness of these composites.
Planar mechanical anisotropy of fiber/
polymer composite plates is well-known.
How the storage modulus effects the vibra-
tion damping properties of composite sys-
tems is complex and goes beyond the scope
of this paper (6).

CONCLUDING REMARKS

Several conclusions can be drawn from
the experimental results presented:

1. Elastomer/composite adhesive joint
strengths depend on the orientation of the
composite surface ply.

2. Vibration damping properties of com-
posites depend on the orientation of the
composite surface ply.

3. Vibration damping behavior of compos-

ite constrained layer laminates are gener-
ally independent of ply orientation; high-
er than individual composite plies.

The adhesive peel strength and vibra-
tion damping data on the elastomer/
advanced composite laminar structures
presented in this paper are two of the
important engineering properties of such
materials; other engineering properties
of this materials combination are present-
1y under study. The application of this
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unique materials structure to future
flywheel technology is anticipated.
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TABLE 1

ADHESIVE JOINING OF ELASTOMERS TO ORGANIC POLYMER ADVANCED
COMPOSITE MATERIALS

Boundary Ply Peel Strength*
Orientation (PPI)
Nitrile Rubber 900 79 M
Carbon Fiber/Epoxy 450 104 M/R
00 140 R
SBR 900 112 M/R
Carbon Fiber/Epoxy 450 139 R/M
00 153 R
Natural Rubber . .
Carbon Fiber/Epoxy Any Orientation 46 R
Nitrile Rubber 9009 64 M
Aramid Fiber/Epoxy 450 88 M/R
0° 87 R/M

*R Rubber Failure

M

Matrix Failure
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TABLE 2

COMPARISON OF VIBRATION DAMPING PROPERTIES OF VARIOUS COMPOSITE

Material

Carbon Fiber/Epoxy
Longitudinal
Cross-Ply (0,90)¢
Transverse

Glass Fiber/Epoxy
Longitudinal
Cross-Ply (0,90)4
Transverse

Carbon Fiber/Polysulfone
Quasi-Isotropic
(90,45,0,-45,90)S

Carbon Fiber/Phenolic
Quasi-Isotropic

(90,45,0,-45,90)

Steel

MATERIALS (@)

requency (H,
Mode Number

111/7#1
186/#2
178/#3

125/#2
137/#2
113/4#2

232/#2

192/#2

229/#2

(a)A11 composite thicknesses approximately 0.040"
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Loss
Factor,
n

.004
.003
.019

OO O

.003
.004
011

OO O

0.002

0.011

0.002

Elastic
Storage
Modulus,

100 ps i

NGRS e
EE g Y]

24.7




TABLE 3
VIBRATION DAMPING PROPERTIES OF ELASTOMER/COMPOSITE CONSTRAINED LAYER

LAMINATES
(a) Elastic(b)
Composite loss Storage
Ply Frequency (H.) Factor Modulus
Laminate Thickness Mode Number (b) n 10° psi
Carbon Fiber/Epoxy
Longitudinal 0.040" 309/#2 0.038 3.4
Transverse 0.040" 321/#3 0.055 0.5
Glass Fiber/Epoxy
Longitudinal 0.045" 225/#2 0.039 -
Transverse 0.045" 199/ #4 0.049 0.04
Natural Rubber 0.020" 246/4#5 0.086 0.0012

(a)A11 elastomer ply thicknesses 0.020"

(b)The elastic storage modulii of the constrained layer composite
laminates could not be determined with any confidence; the mode
numbers did not follow the prescribed mathematical relationships.
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FIGURE 1

ELASTOMER/ADVANCED COMPOSITE

LAMINAR STRUCTURES
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MECHANICAL PROPERTIES OF COMPOSITES

T. J. Reinhart, Jr.
Air Force Materials Laboratory
Wright Patterson Air Force Base
Ohio 45419

No text or illustrations available at the publication deadline.
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MOMENTUM WHEELS

Rene Torossian
Aerospatiale
78 Les Mureaux

France

ABSTRACT

The movie shown at the Symposium and the text below describe the Aerospatiale mag-

netically-suspended flywheels.

In their design, five of the six degrees of freedom of

the suspended rotor are controlled by permanent magnets and only one is controlled by

electromagnets driven by electronic feedback loops.
Advantages are:
Operating at 8000 rpm, the present "breadboard" model de-

physical contact between rotor and stator.
formance and higher speeds.

This ensures complete absence of
reduced mass, improved per-

velops a reaction torque of 0.1 Nm and a momentum of 50 Nms.

INTRODUCTION

Support bearings have traditionally
been points of failure in flywheels run-
ning at high speeds. Bearings failed be-
cause Tubricants failed at the high temp-
eratures associated with excessive fric-
tion. Earlier magnetic flywheel suspens-
jon systems of the "fully-active" type
used multiple electromagnets in compara-
tively complex systems.

MAGNETICALLY-SUSPENDED MOMENTUM WHEELS
GENERAL

Aerospatiale are currently developing
magnetically suspended momentum wheels for
both ESA and COMSAT.

The outstanding feature of these
wheels is that their rotors are supported
without any physical contact to their
stators by almost entirely passive means
{permanent magnets). Only one out of six
degrees of freedom of the suspended part
is controlled in an active way to ensure
stability. Absence of contact between ro-
tor and stator enhances the reliability of
the most critical momentum wheel element,
i.e., the bearing, and at the same time
improves the functional performance of the
wheel. Furthermore, the absence of con-
tact permits high rotational speeds to be
developed without incurring problems of
bearing fatigue and wear. For the user,
the implications of these advantages are:

Reduced Mass. The passive nature of the
bearing allows this part to be disregarded
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as a single point of failure. This makes
it possible to replace two or more con-
ventional wheels, e.g., those which have
ball bearings, with one magnetically-
suspended wheel, redundancy being imple-
mented in the active parts only.

Improved Performance. The elimination of
lubricants drastically reduces the effect
of temperature variations on the friction
of the bearing and hence ameliorates de-
sign and accuracy of the satellite pitch
control Toop. The elimination of mechan-
ical contact (even at zero speeds) is a
property of particular relevance to re-
action wheels. Ball bearing reaction
wheels are known to be particularly prone
to failure as a result of bearing opera-
tion in the boundary lubrication regime.

Higher Speeds. The ability to operate at
higher speeds without excessive power con-
sumption and without bearing fatigue and
wear improves the momentum/mass ratio of
the wheel and is of great interest for
simultaneous use of the wheel as an energy
storage device and actuation element.

Up to now most magnetic suspension
systems have been of the fully active
type, i.e., those in which five degrees of
freedom of a suspended shaft are controlled
by electromagnets driven by electronic
feedback Toops. The electronic and mech-
anical complexity of such systems is com-
paratively high. In the Aerospatiale
design, all but one of the five controlled
degrees of freedom is constrained by perm-
anent magnets. This results in a drastic
reduction in the number of electronic and




electromechanical parts associated with
the suspension system. The "passive"
bearing concept developed by Aerospatiale
has only recently become technically feas-
ible, although inherently it is by far the
simplest solution.

DESIGN AND CONSTRUCTION

The Aerospatiale magnetic bearing de-
signs are based on radial suspension by
high-energy, rare earth permanent magnet
segments precision milled in the form of
rings. With this arrangement, axial sup-
port can no longer be achieved in a purely
passive way (Earnshaw's theorem). Control
in the axial direction is provided by a
servo-driven electromagnet that was spec-
jally designed to develop the high forces
necessary during "start up" and normal
suspended operation of the bearing with
minimal power consumption.

A magnetic suspension system may be
regarded as a nearly perfect Toss-free
spring; some means of damping the natural
motions of the suspended part is therefore
necessary. In the Aerospatiale wheels,
radial damping is ensured by eddy current
dampers free of moving parts and specially
designed for low rotational drag at high
spin speeds. Axial damping is achieved
electronically.

Wheel drive is provided by a high
efficiency, electronically-commutated d.c.
motor with no iron in its armature cir-
cuit. This avoids the introduction of de-
stabilizing forces which would detract
from the performance of the bearing.

The design incorporates a set of
"emergency mode" ball bearings which allow
for temporary touchdowns and limited oper-
ation of the wheel in case of power or
suspension system failures.

The whole is enclosed in a light-
weight, aluminium housing (non-hermetical-
1y sealed). The electronics for the axial
servo and motor commutation may be accom-
modated in the same housing as the wheel
or in a separate package, as required.
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CHARACTERISTICS

The magnetically-suspended wheel
developed by Aerospatiale for ESA has the
following characteristics.

Momentum 50 Nms
Speed 8000 rpm
Reaction torque 0.1 Nm
Mass

- wheel 10.3 kg*

- electronics

package 2.5 kg*

Power

- suspension 4 W

- rotation 4 W*
Max. slew rate 3.5 degrees/sec*
Dimensions

- diameter 350 mm

- axial height 220 mm*
Reliability 0.996 for 7 years*

(with redundant
electronics)

The above parameters are applicable
to a "breadboard" model--those marked
with an asterisk would be further improved
for flight hardware.

For further information:

Mr. P. Poubeau
Aerospatiales/Les Mureaux
P.B. 2

78130 Les Mureaux

France
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FIBER GLASS FOR COMPOSITE FLYWHEELS

S. N. Loud
Manager - Office of Aerospace & Defense and
Manager - Electrical/Electronics Division
Owens-Corning Fiberglas Corporation
Fiberglass Tower - 7 :
Toledo, Ohio 43659

ABSTRACT

The potential performance of fiber glass reinforced plastics in flywheels is dis-
cussed in terms of 1) fiber glass characteristics and availability, 2) fiber glass econo-
mics and 3) the problem of projecting fiber glass properties to the performance of re-
inforced composites. Fiber glass properties emphasized are high tensile strength, espec-
jally under cryogenic conditions, and good fiber processing during composite fabrication.
Problem properties for composites are fatigue resistance and the presence of moisture
that may weaken the composite. For design calculations the strength of the composite,
suitably derated for working stress and safety factors, appears to be a more reliable
guide than virgin fiber strengths. Included are some thoughts about what information is
needed in the industry to define a more suitable fiber composite for a flywheel.

INTRODUCTION reliable test methods for highly stressed
composites. And, above all, we need reg-
Composite materials offer the most ular dialogue among all interested parties
cost-effective approach to inertial energy to ensure that this information is accumu-
storage systems utilizing flywheels for lated in pursuit of this objective.
electrical energy storage in utilities,
military applications and transportation. The following characteristics are the
Fiber glass reinforced plastics (FRP) benefits known or believed to be important
should be considered as one of the most in the use of FRP composites for flywheels.
likely material system choices, because of
their proved and projected performance Glass fiber availability and histori-
capabilities and their low cost potential. cal experience contribute to the belief
that FRP means high reliability and confi-
BENEFITS OF FRP dence in composites for flywheels. The
glass fiber producers now sell an estimat-
The performance of reinforced plas- ed 600 - 900 million pounds of fiber an-
tics is well known for over 30 years, in nually, and glass fiber has been commer-
numerous commercial applications. In the cialized since 1939. This kind of exper-
area of inertial energy storage devices, ience is worth a lot when you're consider-
however, there is extremely Timited ex- ing the quantities of material involved in
perience on materials performance, espec- flywheel applications.
ially in flywheel configurations. Most
information available is from laboratory Versatility is excellent because of ‘a
materials screening tests. broad choice of glass fibers ranging from
E glass for lowest cost and good perform-
To build high performance devices, we ance, to S-2 glass (an Owens-Corning
need more information on composite mater- Fiberglas Trademark) for medium-to-high
ials under flywheel operating conditions, performance at moderate cost, and to S901,
specifically, the performance of various the aerospace grade roving offering the
resins under dynamic stress, the value of highest performance capability in glass to
hybrids of various fibers, characteriza- date, but at a premium price.
tion of the importance of tensile versus
modulus versus shear, dynamic fatigue in- A11 three types of glass fiber dem-
formation in vacuum and cold conditions, onstrate good processability in wet resin
the influence of manufacturing process, filament winding, pultrusion and prepreg
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systems. There is a broad manufacturing
base of companies, each capable of produc-
ing fibers by one or more processes and
with years of experience. These processes
and fabricators are capable of producing
the leading proposed forms of flywheels,
the multi-rim and the brush. FRP rims can
be produced as separate rings or stage-
wound, and rods can be puitruded for the
brush configuration.

Resin capabilities are also broad.
Epoxy appears to be the leading contender
due to its performance and well known pro-
cessing characteristics for wet winding or
prepreg laminating. However, polyester is
also versatile and can be used in all pro-
cesses. Using a chemical treatment, glass
fibers are specifically sized for optimum
compatability with each resin specified, a
1ist which might include vinyl ester, poly-
urethane, polyimide.

Glass fibers offer excellent tensile
strength, their dominant benefit for this
application area. In addition, shear
strength in composites is high (10-13 ksi).
Glass fiber modulus is Tower than the
graphite or aramid fibers being considered,
but modulus appears to rate as a much less
important benefit than tensile or shear in
composite flywheel performance. Glass is
the heaviest of the fibers at 2.49 - 2.60
specific gravity. However, specific
tensile is still excellent.

Fatigue properties of glass fiber
composites are well known in many commer-
cial markets but are not readily available
in products with stresses such as those in
flywheels. Limited investigation indicates
a potential loss in safety factor due to
tensile fatigue. Results are few; however,
no development has been applied to this un-
known area yet to upgrade this performance.
Filexural fatigue work has been more extens-
ively pursued. Studies of automotive
springs indicate 50% strength retention at
55% of ultimate loading, after more than
500,000 cycles (whether processed into
finished springs or test specimens only).

FRP boats over the last 30 years have
shown exceptional performance under cold
conditions, and so have FRP nuclear reactor
cable blocks in cryogenic conditions. FRP
material systems become stronger as temper-
atures are lowered. Ultimate tensile and
fatigue strengths of epoxy and polyester
composites, whether E, S, or S-2 glass,
improve with low temperatures. Plastec,
the Plastics Technical Evaluation Center
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at Picatinny Arsenal, concluded that "in
general, most plastic materials are twice
as strong at cryogenic temperatures as at
room temperature" and "ultimate tensile
strength of glass will increase approxi-
mately 40-100% when going from room tem-
perature to -3200F", glass being a super-
cooled liquid. This would tend to indi-
cate a major advantage for glass fiber re-
inforced composites in flywheels operated
under cold conditions. Glass has a low
coefficient of elongation and high degree
of recovery when stress is relieved. This
should be good for its use under the cycli-
cal stress of an operating flywheel system.

It is believed that most past derating
of FRP composites under high stress at
least in part were caused by the presence
of moisture in a composite. If used at
ambient conditions this may be a factor,
requiring development work to improve upon
this aspect. But, flywheels should be

.operated in Tow atmospheric or high vacuum

conditions anyway, to prevent air drag
problems and heat build-up, and this opti-
mum condition for operation is also optimum
to prevent moisture degradation of the com-
posite.

Another benefit of composite flywheels
and especially those made of glass fiber,
is safety. Metal flywheels have a tendency
to fragment into three large chunks at
failure, releasing all their energy in a
devastating manner. This necessitates
strong and heavy containment vessels for
any flywheel considered in metal. The
containment vessels for composite flywheels
can be much lighter in weight, an important
feature in any consideration for transpor-
tation markets.

Lastly, a thing to keep in mind is
that the materials, the processes to com-
bine them, and the final product configur-
ation must all work in harmony for the
final performance to be achieved. There-
fore, bench tests may be unreliable in
proving current or projected performance,
and the only true materials test (screen-
ing of Tong term performance/reliability)
will be in a high speed rotating device of
similar configuration to the final part
objective, fabricated by the processes to
be ultimately used.

PROJECTED PERFORMANCE CAPABILITIES
Too many people are touting and re-

lying upon virgin fiber properties for
their calculations and test objectives.




Ultimate properties of fibers are useful
for comparative purposes on the percentage
of ultimate retained for working stress.
For practical reasons the composite
strength values should be used instead,
and these in turn derated for working
stress or safety factor calculations.
Otherwise composite values and flywheel
performance capabilities are grossly over-
stated. (The same applies to metals - ac-
tual part experience should be used, rather
than test bars reflecting ultimate proper-
ties). The following Table I indicates
the well known virgin properties:

TABLE I
VIRGIN FILAMENT TENSILE STRENGTH

FIBER PST

E glass 550,000
S/S-2 glass 700,000
Graphite (Carbon) 400,000
Aramid 525,000

J. A. Rolston of the Owens-Corning Fiber-
glas Technical Center has made a start
toward a summary of more practical per-
formance numbers to use. We welcome all
comment and any correction or adjustments
seen needed, as our numbers (1like most
others) are based on some assumptions.
However, the glass fiber composite numbers
are based on a considerable amount of past
FRP experience and numerous market sources.

The following Table II is based on a
summary of unidirectional composite data
available. We have assumed reasonably
conservative values for composite strengths
achievable with today's materials and pro-
cesses. The ultimate virgin filament
strengths have been derated, based on the
"bundle theory" of Jim Hood (formerly with
OCF), which showed that in E glass an
achievable maximum breaking strength of
approximately 360 - 400 ksi, where the
average virgin fiber strength was 20% high-
er. These have then been further reduced
to composite strengths as shown in the
first column.

The achjevable working stress will be
somewhat less than these numbers, depending
on actual test experience in the future and
safety factors desired. We believe that
75 - 80% of these composite ultimates
should be a feasible starting point.
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From this point we must then deter-
mine the numbers which are achievable
under dynamic stress and in a vacuum and
cold conditions.

The most important conclusion out-
1ined by Table II is that E glass and S-2
glass potentially offer the best watt-hour
storage per pound capability of composites.
The main point is that the Table II num-
bers should be a good reference point.
Again, comment is welcomed. We would Tlike
to continually optimize this information.

ECONOMICS

Glass fiber should be most economical
in the short and long term, as it is based
mainly on plentifully available domestic
materials, not petroleum derivatives.
This, combined with the above performance,
makes glass fiber potentially the most
cost/effective choice of materials.

At the present time E glass roving is
sold in the millions of pounds commercial-
1y at 45 - 49¢ per pound (as of October
1975) and E glass Type 30 ( OCF trademark)
is sold in quantity at 41¢ per pound.
(Both products sell for less than 1962
prices.) These products are without doubt
the most economical fibers to choose for
stationary flywheel applications. If
history is any indicator, then E glass can
be expected to increase in price, with in-
flation, but at a iesser rate than infla-
tion and the other basic materials.

$-2 glass roving (OCF trademark) is
currently priced at $2.04 - $2.33 per
pound (as of October 1975). This is the
most economical fiber now for the higher
performance applications requiring a mov-
ing flywheel for transportation, aero-
space and military. Since S-2 is produced
in 1imited quantities the economies of
scale have not yet been achieved. Our
cost studies for $-2 projected into the
millions of pounds indicate the possibil-
ity of roughly halving the current prices
(in 1975 constant dollars).

S901, the OCF aerospace grade roving,
currently sells for close to $8 per pound
and is proposed for only the highest per-
formance application where the best avail-
able glass fiber (shear strength) is de-
sired. Volume in the millions of pounds
would most 1ikely result in a significant-
1y Tower price here, too (in 1975 constant
dollars).
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FLYWHEEL SYSTEM OBJECTIVES

We are told that one of the great un-
answered questions is which materials sys-
tem will work in flywheels. The target
for these materials is a practical and
usable 25 - 50 watt-hour per pound flywheel
system capability. Such a system would
make the electric car feasible. We think
that glass fiber should be continually
considered by all as one of the best
choices available in achieving this objec-
tive.

PLANS

We at OCF plan to continue materials
development in current and new fibers. We
also will probably study several resin
systems, since we are one of the largest
producers of polyesters. In the past we
have fabricated prototype composites where
we saw that we could make a contribution.
For materials screening purposes we are
studying the possibility of a spin testing
capability to test composites to ultimate,
to aid in finding better fibers, resins
and processes. Owens-Corning Fiberglas
has the experience over 36 years and hun-
dreds of millions of pounds of glass fiber
production experience to have the know-how
and interest to work in support of these
programs.

WHAT'S NEEDED:

A. Don't discount any of the various fiber
alternatives (including graphite and ara-
mid) too early in the game. Too Tittle is
known about performance of the materials
systems under flywheel operating condi-
tions.

B. Test various resin systems - Epoxies
have an excellent history, but perhaps
resins developed or selected for dynamic
composite stress will be better. (This
proved critical in FRP pressure pipe.)

C. Determine whether hybrids of various
fibers have a place.

D. Quantify the importance of cost-effec-
tiveness of tensile versus modulus versus
shear versus even impact. Thoroughly
characterize and prioritize the actual
needs for composite performance.

E. Test all composites under high stress
and dynamic fatigue, plus in vacuum and
cold conditions.
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F. Develop reliable test methods to
stress composites under high speed rotat-
ing conditions to aid in screening new
development materials and find methods
which can be standardized for use by many

suppliers.

G. Study composites produced by several
processes - filament wound (wet), prepreg
tape wound, pultruded strand (wound rim or
brush).

H. Gather and disseminate information
regularly to interested parties through
forums such as this symposium or through
newsletters. Keep the information flowing
to all of the materials companies so that
they can develop the programs needed to
pursue the identified areas of missing in-
formation.

FINAL COMMENT

Remember that when you need help in
glass fiber, that Owens-Corning is Fiber-
glas.
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"SCOTCHPLY" PREPREGS FOR FLYWHEEL APPLICATIONS

J. B. Snell and J. N. Schurb
3M Company
3M Center, Building 230-IF
St. Paul, Minnesota 55101

ABSTRACT

"Scotchply" prepreg is a ready-to-mold combination of epoxy resin, latent curing
agent and continuous reinforcing fibers in a convenient roll form. It is available with
glass, graphite, boron or Kevlar reinforcement and can be purchased in unidirectional,
cross ply or isotropic (09, + 600) orientations. It has particular advantages in large
volume applications where fabrication speed and controlled quality is of importance.

The accompanying tables show the properties of three glass-reinforced prepregs and the
mechanical properties of cured lTaminates molded from these prepregs. Tensile properties
of the resin matrix materials are also shown. Some advanced composite prepregs are de-
scribed. Transverse tensile properties of experimental glass-reinforced laminates were
correlated with resin matrix properties, in regard to potential flywheel applications.
Transverse modulus of the laminates was much more dependent on fiber volume than on mod-
ulus of the resin matrix.
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FIGURE I
"SCOTCHPLY" PREPREG

WHAT A PREPREG IS:

*  READY-TO-MOLD  COMBINATION OF LATENT EPOXY RESIN  SYSTEM
AND COWTINUOUS REINFORCIHG FIBERS IN A CONVENIENT ROLL
FORM,

ADVANTAGES OF SCOTCHPLY PREPREG:

*  AVOIDS MESSY “WET” LAYUP AMD WINDING OPERATIONS.

*  TAKES RESIM FORMULATION OUT OF PRODUCTION.

*  PROVIDES LOW TOXICITY RESINS.

*  AVAILABLE IN UNIDIRECTTONAL AND AMGLE PLY ORIENTATIONS .
* CAN BE TAPE WOUND OR SHEET LAMINATED,

*  CONSISTENT AND REPRODUCIBLE QUALITY .

*  PRE-ENGINEERED BY MATERIAL EXPERTS .
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"SCOTCHPLY"

GLASS REINFORCED PREPREGS
RES IN FIBER CURING
TY PE CONTENT VOLUME TEMPERATURE APPLICATIONS
1002 36% 45.6 % 330°F. HELICOPTER BLADES
ELECTRICAL MACHINERY
SPRINGS
INSULATED RAILJOINTS
1009-26 26 % 57.3 % 325°F, MILITARY AND
ELECTRICAL HIGH
FIBER VOLUME
APPLICATIONS
SP 250 36 % 45.6 % 250°F. HELICOPTER BLADES
ELECTRICAL MACHINERY
SPORTING GOODS
"SCOTCHPLY" GLASS REINFORCED LAMINATE

MECHANICAL PROPERTIES

TYPE 0° TENSILE MO%JFLUS ULTIMATE COMPRESSION FLEX. FLEX. BEAM  SPECIFIC  FIBER

STRENGTH  ELASTICITY ELONG, STRENGTH STR.  MOD. S?FQR GRAVITY  VOLUME
1002 150,000  5.7x 106 2.6 % 90,000 165,000 5.3 x |06 8.9 1.8 50 %
(8/1)
1009-26 185,000 7.4x 106 2.5 % 90, 600 200, 000 7.0x|06 8.5 2.0 65 %
(8/1)
SP-250 150,000 5.7 x I06 2.6% 90, 000 165,000 5.3 x I()6 9.450 1.8 50 %
(8/1)
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RESIN CASTINGS

TENSILE TENSILE

RESIN B fIBENGTH MODUEHE ELONE&TION
1002 10,500 422,000 2.8 %
1009-26 8,640 427,000 2.3 %
SP 250 5,600 570,000 1.1 %

"SCOTCHPLY" ADVANCED COMPOSITE PREPREGS

CURE
NO. RE INFORCEMENT RESIN TEMP. APPLICATIONS
SP 290  BORON PR 287 350°F. F-14 HORIZONTAL
STABILIZER
SP 296  BORON PR 286  350°F.  F-15 HORIZONTAL
STABILIZER
0 FAN BLADES, AIR
P 2 2 275°F. ;
SP 288 GRAPHITE PR 288 1S°F. STRUCTURES,
SPORTING GOODS
SP 313 GRAPHITE PR 313  350°F, AIR FRAME

STRUCTURES

SP 308 KEVLAR PR 288  275°F. SPORTING GOODS
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RESIN CASTING AND

LAMINATE 90

0

PROPERTIES

90° UNIDIRECTIONAL GLASS REINFORCED LAMINATES

NO. RESIN CASTINGS
TENSILE  TENSILE FIBER  TENSILE TENSIE  ULTIMATE
STRENGTH ~ MODULUS VOLUME STRENGTH  MODULUS  ELONGATION
1009-26 8,640 427,000 58.1° 4,390 2,02 x 10° 2.5 %
2 4,380 92, 600 69.0 % 5290 1.3 x 10° -
4 3,240 36, 900 64.8 % 4,930 1.15 x 10° --
59.1% 4,00 0,786 x 10° -
5 2,980 122, 000 66.0 % 4,640 1.29 x 10° --
6 6, 980 282,000 70.6 % 5170 1.8 x 10° --
7 2,590 12, 300 66.3 % 4,340 1.1 x 10° .-
8 1, 850 5,390 55.5 % 2,410 0.314 «x 108 3.4%
9 .- .-  53.8% 1,770 0.190 x 10° 3.3 %
NOTES : (1) "E" GLASS USED IN 1009-26, 2, and 6, "S" GLASS USED IN ALL OTHERS.

(2)

MODULUS QUOTED FOR CASTINGS IS SECANT MODULUS, EXCEPT FOR 1009-26.
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LAMINATE 90° MODULUS, 108 psi
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LAMINATE MODULUS, 10° psi

900

90° LAMINATE MODULUS
VERSUS
FIBER VOLUME
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POTENTIAL ADVANTAGES OF KEVLARR 49 IN FLYWHEEL APPLICATIONS

D. L. G. Sturgeon
Textile Fibers Department, Building 262

E. T.

du Pont de Nemours and Company

Wilmington, Delaware 19898

ABSTRACT

Various physical properties of Kev]arR yarns and KevlarR composites that are impor-

tant to flywheel applications are presented graphically.

Properties exhibited are ten-

sile, compressive and impact strengths; tensile modulus and tensile strength as functions
of temperature; stress concentration; failure stress and fracture toughness as functions
of notch length; and failure in tension at constant load.

INTRODUCTION

The purpose of this presentation is
to review the properties of Kevlar™ 49
aramid fiber that make it useful as a ro-
tor material for advanced flywheels.

KEVLAR 49 PROPERTIES

Table I Tists the properties of
Kevlar 49, beginning with those most
familiar to this audience: 1its high ten-
sile strength, its Tow density and its
potentially low cost.

This high performance aramid fiber
has several properties that add to its
value in flywheel applications. Kevlar 49
retains the processability normally as-
sociated with more conventional textiles.
It has good impact strength, and it is
the material of choice in high performance
ballistic applications. Its fracture
toughness is higher than for glass and
graphite fiber-reinforced resins. Its
combination of Tow creep and excellent
creep rupture characteristics are impor-
tant when one considers that many high
performance flywheel designs require re-
inforcing fibers to operate at high per-
centages of their ultimate tensile
strength. The excellent fatigue perform-
ance of these composites is also noted.

Figure 1 contrasts the almost Tinear
stress=strain curves of Kevlar™ 29 and
KevlarR 49 with the yielding behavior of
conventional nylon and polyester yarns.
The tensile stress-strain curve of galvan-
ized improved plow steel wire is shown for
comparison. It is evident that KevlarR
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is more like wire than conventional tex-
tiles in its stress-strain behavior.

Figure 2 displays the specific ten-
sile strength and tensile modulus of
KevlarR 29 and KeviarR 49 fibers measured
according to the ASTM D2343-67 strand
method compared to other reinforcing fi-
bers. The high strength (525 x 103 psi)
and low density (1.45 g/cc) result in
these fibers having the highest specific
tensile strength of commercially avail-
able materials. Their specific tensile
modulus, however, is intermediate between
those of glass and the graphite fibers.
This Vﬁry high specific strength makes
Kevlar™ 49/epoxy filament wound compos-
ites the materials of choice in high per-
formance, internally-pressurized vessels.

Because high performance aramid fi-
bers are not ceramic, their strength and
modulus decrease with temperature, as
shown in Figures 3 and 4. However, they
outperform heretofore available organic
fibers. The effect of prolonged heating
of Kevlar® on its retained tensile
strength at room temperature suggests
that 1609C should be the maximum Tong-
term in-service temperature (Figure 5).
This temperature capability is in excess
of that anticipated for most flywheel
applications.

The abitity of lightweight KevlarR
49 fabrics, felts and composites to ab-
sorb large amounts of energy is displayed
in Figure 6. Data by J. H. Gerstie of
Boeing Commercial Aircraft Co., Seattle,
Nashinaton, shows the effectiveness of
Keviarh in defeating high energy fragment




particles that simulate an engine burst
condition. The effectiveness of KevlarR
49 as Tightweight armor around high per-
formance flywheels 1is obvious. The frac-
ture toughness of KevlarR compared to
E-glass in both tape and fabric form are
shown in Figures 7, 8, 9 and 10. The
relative ability of different composite
materials to withstand holes, cut-outs,
and cracks will become an increasingly
important design consideration as the
technology of flywheels advances. The
advantage of high performance aramid
fibers is expected to be substantial.

The stress rupture characteristics of
unidirectional fiber-reinforced composites
will undoubtedly influence the relative
merits of competing fiber-reinforced ma-
terials. To the extent that high perform-
ance flywheels are expected to operate at
high fractions of their ultimate tensile
strength, stress rupture properties,
rather than instantaneous ultimate tensile
strength, may become the guiding criteria
for selection {Figure 11). In this re-
gard, careful work on the stress rupture
of glass fiber and KevlarR 49 has been
done by T. T. Chiao (Ref. 1). Compara-
tively less information exists on the
creep rupture behavior of Kevlar®™ 29.

The final two charts ﬁhow the fatigue
performance of both Kevlar™ 49 composites
(Figures 12) and KevlarR 49 yarns and
strands (Figure 13), compared to ﬁhe other
materials. Advantages for Kevlar™ over
S-glass and improved plow steel are indi-
cated.

CONCLUSIONS

Kev]arR 49 aramid fiber provides high
specific strength, as well as a combina-
tion of properties (e.g., textile process-
ability, impact strength, fracture tough-
ness, good creep rupture and excellent
fatigue) that make it a leading contender
as a reinforcement for high performance
flywheels. This set of properties, com-
bined with attractive economics, suggests
profitable further development work with
KeviarR 49 composites in the area of fly-
wheels as energy storage devices for
transportation vehicles.
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24

22

20

18

16

14

12

10

EFFECT OF TEMPERATURE
ON YARN TENSILE STRENGTH

TESTED AT TEMPERATURE AFTER 5 MINUTE EXPOSURE IN AIR

I | { i | | | i |

"KEVLAR" 29 and 49

NYLON
- DACRON®

1

0o 100 200 300 400

38 93 149 204
TEMPERATURE

213

500 °F
260 °C




EFFECT OF TEMPERATURE

ON YARN TENSILE MODULUS

TESTED AT TEMPERATURE AFTER 5 MINUTE EXPOSURE IN AIR
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Tensile strength, GM /denier

The effect of temperature on
the tensile strength of "Kevlar" 29
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COMPRESSIVE STRESS, 103 PS|
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COMPRESSIVE STRESS-STRAIN CURVES FOR
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CHARPY IMPACT,FT-LB/IN2
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Fig. 8 —Load history of Charpy Impact Test E-Glass/Epoxy Unidirec-
tional t = 0.403 in
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Fig. 9 — Load history of Charpy Impact Test E-Glass/Epoxy Unidirec-
tional t = 0.141
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ENERGY LOAD "KEVLAR"49/ EPOXY-UNIDIRECTIONAL
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ENERGY LOAD  'KEVLAR'49/EPOXY-UNIDIRECTIONAL

(FT-LB) (LB) t= 0,154 IN.
104 300 — T T T T 1
81 250 - EWEEGY_— T

01 2 3 4 5 6 7 8 9 10
TIME (mSEC)

Fig. 11 —Load history of Charpy Impact Test “Kevlar” 49/Epoxy Uni-
directional t = 0.154 in
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*
ENGINEERING DESIGN DATA FOR COMPOSITE MATERIALS

Linda L. Clements

Lawrence Livermore Laboratory, University of California

Livermore, California 94550

ABSTRACT

LLL has been studying some basic mechanical properties of filament-wound composites.
These include elastic and ultimate properties in tension and compression for both lon-
gitudinal and transverse modes as well as *45°-tensile shear properties.

Measurements of the properties of composites of Kevlar 49 in an epoxy matrix are
complete and are reported here, along with limited comparative data from Kevlar 49 in a

second epoxy matrix.
are also included.

INTRODUCTION

Designing a flywheel requires a cer-
tain, important minimum of realistic engi-
neering data. Chiao and Hamstad! con-
cluded that for filament-wound composites
the minimum should include both elastic
and ultimate properties in tension and
compression for both longitudinal and
transverse modes, as well as in-plane
shear data.

Recent studies at LLL have concen-
trated on measuring these properties for
composites of Kevlar 49 ** and E-glass fibers
in an epoxy matrix. Table 1 lists the
three composite systems studied.

TEST DATA FROM THE
KEVLAR 49/EPOXY A COMPOSITE

For Kevlar 49 in epoxy A, all of the
above mechanical characterization tests
- have been completed. Figure 1 compares
the resulting stress-strain curves sche-
matically. As can be seen in Figure 2,
in which the data are normalized to
65 vol7 fiber, properties in tension and
compression differ considerably. The

“(87.6 =

Some preliminary data from measurements of E-glass/epoxy specimens

ultimate stress and strain values obtained
from elongated-ring longitudinal-tensile
tests (1500 * 230 MPa, 1.71% * 0.25%)T are
several times greater than those from
flat-plate "Celanese" longitudinal com-
pression tests (254.6 * 3.5 MPa, 0.478% %]
* 0.0267%). TFurthermore, the elastic mod-
ulus in compression (73 * 8 GPa) is sig-
nificantly less than that in tension
3.2 GPa), although the Poisson's
ratio for compression (0.44 + 0.09) is
comparable to the tension result (0.39

* 0.12). We feel that refinement of the
compression test is necessary in order to
verify these results.

wwwww

As shown in Fig. 3, transverse prop-
erties of flat-plate specimens also
differ, depending on whether they are
measured in tension or compression. Here,
however, the Celanese compression ulti-
mates (53.0 * 3.4 MPa, 1.41% * 0.12%) are
several times greater than the tension
results (12.35 * 0.38 MPa, 0.283%

* 0.011%). However, the secant modulii
at 0.1% strain for tension (4.65

* 0.17 GPa) and compression (4.5

* 0.6 GPa) are comparable. Again, com—
pression-test refinement is necessary.

*
This work was performed under the auspices of the U. S. Energy Research & Development
Administration under contract No. W-7405-Eng-48.

Fok .

Reference to a company or product name does not imply approval or recommendation of
the product by the University of California or the U. S. Energy Research and Development
Administration to the exclusion of others that may be suitable.

+All limits are 95% confidence limits.
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Table 1.

Composite Systems Studied.

Nominal
Fiber volZ fiber Resin Cure
Kevlar 49 - 1420 denier 657% Epoxy A: Dow XD7818/ 16 h at 60°C
Jeffamine T403 (100/49) 3 h at 90°C
Kevlar 49 - 1420 denier 657 Epoxy B: Dow DER332/ 24 h at 60°C
Jeffamine T403 (100/39)
E-glass - Type 30 70% Epoxy B: Dow DER332/ 24 h at 60°C

Jeffamine T403 (100/45)

Longitudinal
tension

Stress

Longitudinal
compression

Transverse tension

Transverse compression
+45°-tensile shear

Strain
Fig. 1. Schematic comparison of various
stress-strain curves obtained
for Kevlar 49 in epoxy A.
<4
Px¢d
1500 [— Tension
® E=88GPa
u=039
Stress (MPa)
Compression
255 }— %% E=73GPa
Lo =044 l
0.48 1.71
Strain {%)
Fig. 2. Longitudinal properties in ten-

sion and compression for 65 volZ
Kevlar 49 in epoxy A.

230

Shear properties were obtained from
the *45°-laminate tensile test. While the
exact significance of the ultimate prop-
erties measured in this type of test has
not been established, the test does give
good comparative values for different
composite systems.2 As shown in Fig. 4,
the shear modulus obtained for a
58.3 vol%-fiber composite is 1.877
+ 0.028 GPa, and the *45°-shear ultimates
(taken at the inflection of the stress-—
strain curve) are 37.96 * 0.36 MPa and
2.56% + 0.067%.

KEVLAR 49/EPOXY B COMPOSITE

Limited data for comparison only was
obtained for Kevlar 49 in epoxy B.
Table 2 shows the ultimate strengths of
elongated rings of Kevlar 49 in epoxy A
and epoxy B. The epoxy B matrix seems to
produce a composite with higher ultimate
strength.

of o
53+ .
Compression
Egqs =4.5GPa
(60.5 vol% fiber)
Stress (MPa)
Tension
|
124 Egyq = 4.65 GPa
| {58.2 vol% fiber) L
0,283 141
Strain (%)
Fig. 3. Transverse properties in tension

and compression for Kevlar 49 in
epoxy A.



38.0 - .....
Stress (MPa)
1.88 GPa
]
2.56
Strain (%)

Fig. 4. Shear properties from #45°-
tensile specimen for 58.3 vol%
Kevlar 49 in epoxy A.

The *45°-tensile shear properties of
the two composites are compared in Fig. 5.
Although the shear modulus for the epoxy B
composite (1.85 = 0.12 GPa) is comparable
to that for the epoxy A composite, the
ultimate stress and strain for the epoxy B
matrix (31.5 * 1.1 MPa, 1.94% * 0.09%)
are significantly less.

E GLASS/EPOXY B COMPOSITE DATA

Only preliminary results are avail-
able for E-glass in epoxy B. However, as

shown in Fig., 6, these include almost the
entire spectrum of test modes. TFigure 7
presents the longitudinal properties,
normalized to a 70-vol%-fiber composite.
We see that the ultimate strengths in
elongated-ring tensile tests (1240

* 80 MPa, 2.30% + 0.16%) are about twice
those measured in compression (570

* 120 MPa, 1.11% * 0.27%). The tensile
modulus (69 * 11 GPa) is greater than that
in compression (53.5 * 4.3 GPa).

Figure 8 gives the transverse tensile
properties. The secant modulus values are
high (16.5 * 4.9 GPa), but the ultimate
stress and strain are extremely low (5.9
+ 1.0 MPa, 0.040% + 0.018%). Since the

Table 2. ZLongitudinal tensile strengths
of 65 volZ Kevlar 49 in two
different matrices.

Matrix Ultimate stress (MPa)
Epoxy A: XD7818/T403 1500 * 230
Epoxy B: DER332/T403 1760 *+ 110
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38.0
315

Stress (MPa)

Fig. 5.

Stress

- &

Epoxy A
— ® G=1.88GPa
Epoxy B
G = 1.85 GPa

Strain (%) 1.94 2,56

Shear properties from +45°-
tensile specimen for Kevlar 49
in epoxy A and epoxy B.

Longitudinal
tension

Longitudinal
compression

Transverse tension
x +45°-tensile shear

Strain

Fig. 6. Schematic comparison of various
stress-strain curves obtained
for E-glass in epoxy B.
x X
12401
X
Tension
E = 69 GPA
Stress
(MPa)
®e
570 —
Compression
E = 54 GPA
l l
Strain (%) 2:3
Fig. 7. Longitudinal properties in ten-

sion and compression for 70 vol%
E-glass in epoxy B.




5.9 X X
X
Stress
{MPa)
16.5 GPa
I
Strain (%) 04
Fig. 8. Transverse tensile properties

for 67.6 vol%Z E-glass in epoxy B.

transverse tensile test is extremely sen-—
sitive to edge effects, the low values
could be caused by an edge problem in the
flat-plate specimen configuration. Addi-
tional transverse tensile measurements of
filament-wound tubes will be made to ver-
ify these results.

Shear properties from #45°-tensile
specimens of E-glass in epoxy B are shown
in Fig. 9. The shear modulus (8.0
+ 0.9 GPa) is quite high, compared to the
Kevlar 49 composites. The ultimate stress
and strain values in Fig. 9 require fur-
ther refinement.

SUMMARY AND FUTURE PLANS

In summary, mechanical character-
ization data for engineering design were
obtained in detail for Kevlar 49 in
epoxy A. Limited work was done on
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33.2 L—-
Stress
(MPa)
8.0 GPa
|
Strain (%) 14
Fig. 9. Shear properties from *45°-

tensile specimen for 69 vol%
E-glass in epoxy B.

Kevlar 49 in epoxy B, but only prelimi-
ization for flywheel will include:

e Continuation of E-glass work, includ-
ing more study of the 70-vol%
fiber composite, study of 65- and
75-volZ-fiber composites, and
determination of physical prop-
erties.

® Both mechanical and physical char-
acterization of composites of
other fibers (i.e., S2-glass,
Kevlar 29) and other resins (i.e.,
more flexible resin).

® Study and refinement of test tech-
niques, particularly those used
for compression testing.
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FRACTURE MECHANICS ASPECTS OF FILAMENTARY COMPOSITE FLYWHEELS

G. A. Vroman
Rocketdyne Division
Rockwell International
Canoga Park, California 91304

ABSTRACT

Application of the knowledge of fracture mechanics to the design of composite fly-

wheels can improve their performance and safety.

Fracture toughness, for example, is an

indicator of composite material tolerance of its inherent defects, such as broken fibers,
inhomogeneity, voids in the matrix material or lack of filament to matrix bonding.

Toughness data can be used to select appropriate materials of construction.

Crack growth

rates are also important, since they may indicate voids or poor filament to matrix bond-

ing.

Extensive crack branching under very high stresses may be desirable for flywheel

safety if such branching absorbs energy during rupture and causes many small particles

rather than a few large ones to form.

INTRODUCTION

Flywheel materials must function un-
der very difficult conditions. As an
energy storage device the material is sub-
jected to very high stress levels. In
most applications, many Toadings (and un-
loadings) will be encountered that have
high stress durations of a few minutes to
many hours. The material stress state
will vary from plane stress in the rim
where the loading is near uniaxial to
plane strain in the hub region where the
stresses are triaxial. If the flywheel 1is
designed to operate in a vacuum, problems
associated with moisture in the flywheel
material itself are largely eliminated.
Without a near-perfect vacuum, there may
be an aerodynamic heating effect that sig-
nificantly raises the flywheel operating
temperature. Also, there will be a heat
input from the support bearings and mater-
jal hysteresis energy losses, all of which
may raise operating temperatures well a-
bove room temperature.

DISCUSSION

Filamentary composites have both ad-
vantages and disadvantages. Their princi-
pal advantage is in a high strength-to-
density ratio. Another benefit is that
their mechanical properties can be varied
for different loading directions to op-
timize the material usage. Variables such
as fiber volume density, filament weave,
matrix material, and Taminate ply angles
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can be used to tailor the mechanical prop-
erties to the specific application.

One of the disadvantages of fila-
mentary composites is that of service
life, which is largely controlled by in-
herent defects. Broken fibers, voids in
the matrix material, lack of bond between
the fiber bundle and the matrix material,
inhomogeneity--all are found in typical
composites even before service Toading.
Initially, these defects are small and
do not have a great effect on the tensile
strength. However, during repeated Toad-
ings additional fibers are broken, and
crack-1ike voids grow in the matrix ma-
terial, resulting in a degradation of
strength.

Figure 1 illustrates evidence of in-
herent defects. C. K. H. Dharan showed
that defective fibers fractured at rela-
tively low loading and that the fiber
crack extended to form a penny-shaped
crack in the matrix material (Ref. 1).

He also observed that when the load was
removed the matrix crack closed up, leav-
ing only the fiber fracture as visible
evidence of a defect. He points out that
the matrix cracking in the composite oc-
curs at strain levels much Tess than that
indicated by testing only matrix material.
This can be seen in Figure 1 by comparing
the strain to initiate composite matrix
microcracks (0.01 in./in.) with the strain
survived by the matrix material only

(0.03 in./in.).




Additional evidence of defects can be
seen in Figure 2. This information was
extracted from Ref. 2; it illustrates the
degradation of $-Glass composites occur-
ring under cyclic loading. The decrease
in stiffness is attributable to the grow-
ing of defects by additional fiber failure
and/or crack growth in the matrix.

The study of fracture mechanics pro-
vides a means for evaluating the effect of
defects in composite materials. Since
fracture toughness is an indicator of ma-
terial tolerance of defects, it provides
an index by which to select materials. An
example of fracture toughness is shown in
Figure 3, which was extracted from Ref. 3.
In this figure the fracture stress data
obtained from flawed specimens are mostly
bounded by the two lines of constant
stress intensity, 75 and 112 ksi vin. Ad-
ditional fracture toughness data, shown
in Figure 4, were obtained from Ref. 4.
Here it can be seen that the glass-epoxy
composite systems vary in fracture tough-
ness by a factor of almost five from the
high to the low (1520/320). A11 other
factors being equal, the composite with
the highest fracture toughness should be
selected for design. Since fracture
mechanics analysis predicts that the frac-
ture stress for a given defect size is
directly proportional to the fracture
toughness, composite No. 2 would have five
times the fracture stress of composite
No. 5 for a given defect size.

Crack growth rate data can be used
either to select the best material or to
improve a given material. The crack
growth rate data shown in Figure 5 were
extracted from Ref. 5, in which P. A.
Thornton reported that a Tot of otherwise
jdentical material showing a high crack
growth rate was found to have a lack of
bonding (poor wetting) of some of the
filaments to the matrix material, as well
as air voids in the matrix material from
which cracks were generated.

Perhaps the most serious concern in
flywheel design is the danger of releasing
high-energy projectiles as a result of
structural failure. Filamentary compos-
ites are expected to be better than solid
metals in this regard, but a significant
danger still exists. It would be desira-
ble to deveiop a material that fractures
in a manner similar to automobile safety
glass. Figure 6 illustrates how a stan-
dard fracture mechanics test specimen can
be utilized to develop such a material.

Two benefits can be gained by controlling
the frangibility. First, the branching of
cracks results in a greater energy dissi-
pation during rupture, and second, the
smaller particles released during failure
are less damaging upon impact. It is very
possible that composite materials can be
developed that have the desired frangi-
bility characteristics while still meeting
the other requirements.

Fracture mechanics material testing
can provide valuable information to aid
in the development of filamentary compos-
ite flywheels. However, it is very im-
portant that the test conditions closely
simulate the design conditions or mis-
leading results will be obtained. The
load-time relationship should simulate
the strain rate during spin-up, the load-
holding duration, and the strain rate
during spin-down. ATl of these do not
have to be investigated with a single
group of specimens. It may be practical
to simulate the strain rates in one group
of specimens and the load-hoiding times
in another group, varying the number of
specimens in each group. It is also im-
portant to simulate the design environment
during testing. Vacuum may effect the
fracture toughness of resins containing
volatiles. Flywheel temperature extremes
may cause significantly different mater-
jal properties than the room temperature
values from which the initial design anal-
ysis was made.

This presentation can be summarized
by listing the two messages it was in-
tended to convey:

1. The design capability of fila-
mentary composite flywheels is largely
determined by inherent defects.

2. Fracture mechanics provides a
means of improving flywheel design.
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SINGLE EDGE DOUBLE-EDGE
NOTCHED NOTCHED
SPECIMEN SPECIMEN
RESIN SYSTEM GLASS Ky Ge Kier Ge
no | soumce | TYPE TYPE Pst./IN. LB/IN. | PSI/IN. LB/IN.
1 SHELL EPON 826/CL S-HTS 1270 09 1080 1.0
2 UNION ERL 2256/0820 E-HTS 1520 1.2 1310 13
CARBIDE
3 SHELL EPON 826/CL E-HTS 1340 16 1100 11
4 UNION ERL 2256/0820 E-HTS. 1030 03 850 0.3
5 SHELL EPON 826/CL S-HTS 320 05 270 03
(B - STAGE ONLY)

Figure 4. Fracture Toughneés of Glass-Epoxy Composites
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TRANSFER MATRIX ANALYSIS OF COMPOSITE FLYWHEELS WITH RELIABILITY APPLICATIONS

Richard H. Toland
Department of Mechanical Engineering and Mechanics
Drexel University

INTRODUCTION

An important part of the development
of a high performance product is an early
assessment of the reliability of the con-
cept designs, their ability to achieve a
reasonable design 1ife and their expected
operational maintenance requirements.
These aspects of product design should be
incorporated into the early stages of the
development process.

In cooperation with Lawrence Liver-
more Laboratory the author has begun a
program that will address various aspects
of the reliability of selected composite
flywheel design concepts subject to real-
istic service environments. Principal
failure modes will be identified and their
interdependency established by a Fault
Tree Analysis leading to a prediction of
the probability of failure, Pg¢, of a fly-
wheel.

The analytical problem of reliability
seeks a probabilistic statement of a de-
sign's survival, Pg = (1-Pf), subject to a
given environment, system variability, and
with known failure modes and established
failure criteria. Mathematical reliabil-
ity theory is a well-developed tool used
in many engineering disciplines (1, 2, 3,
many other references). For a composite
flywheel, the theory will be used to ad-
dress reliability as the prediction of the
probability of survival to a specified
time t, and the prediction of the hazard
function as the probability of failure in
the interval t, t + At given the survival
to time t. Additionally, it is intended
to use these methods to provide direction
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Philadelphia, Pennsylvania 19104

ABSTRACT

The author is undertaking a study of several aspects of the reliability of selected
composite flywheel design concepts. As a first step, analytical models suitable for
describing the steady-state behavior of wide disks, thin rims and modular ring concepts
are developed and presented herein. Orthotropic material properties are incorporated.
The transfer matrix method is shown to be a flexible and computationally concise scheme
well suited for simulation methods of reliability assessment.

to cost effective quality control of the
fabrication process (4), proof testing
requirements and maintenance inspection
intervals (5).

In applying reliability theory to
physical systems, analytical models of
these systems must be developed which re-
late the requisite top events as a func-
tion of their variables, both determinis-
tic and random. Some analytical models
are explicitly formulated in concise
mathematical expressions. These frequent-
ly permit the analyst to develop "true"
analytical statements of the reliability
and hazard functions. Other models in-
volve great complexity in the functional
relation of the top event with its vari-
ables. The solution to these problems is
often sought by simulation methods (4),
such as Monte Carlo Simulation, MCS.
Coupled with a sensitivity analysis, sim-
ulation can prove a powerful tool to ex-
amine otherwise intractable problems of
reliability prediction. Both classes of
problems are expected to appear in this
study of composite flywheel reliability.

OBJECTIVES

The first six weeks of this study had
as its general objective the development
of analytical models suitable for examin-
ing a wide class of flywheel design con-
cepts. It was decided that a basic pre-
requisite for any model must be good com-
putational efficiency suitable for simu-
lation studies. Mechanics studies of fly-
wheels can be grouped into the three phys-
ical categories: steady-state behavior
(constant rotational velocity), transient




behavior (run-up, run-down) and critical
speeds (whirling). Mathematically, these
are boundary-value, initial-value and
eigen-value problems. A total analysis
must examine all areas defining all design
requirements, failure modes and ultimately
addressing reliability and design optimi-
zation.

For this study, it was decided to
model and study the steady-state behavior
of:

(a) solid disk flywheels of orthotropic
materials,

(b)
(c)

thin rim flywheels and
modular ring composite flywheels.
The specific objectives are:

(a) to build the necessary analytical
models,

(b) to perform parametric studies to
better understand flywheel behavior,

(c)

and

(d) to examine reliability for select
failure modes.

to develop feasible concept designs

ANALYTICAL MODELS
ORTHOTROPIC WIDE DISKS AND THIN RIMS

The plane stress 2-D elasticity solu-
tion for a constant thickness disk, Fig-
ure 1,
formulated.

with orthotropic properties was
For traction-free inner and

Figure 1. <Constant thickness disk.

outer edges, the analytical expressions
for radial and hoop stresses and radial
displacement are as follows:
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These expressions were evaluated for
many values of disk w1dth b, and mater—
ial orthotropy ratio E,/ r/\)r
This ratio was varied ?rom 0 ?, st1ffer
in radial direction, to 25, stiffer in the
hoop direction. The latter case is repre-
sentative of filament wound composite fly-
wheels. The nondimensionalized stresses
for two cases with orthotropy ratios of
1.0 (isotropic) and 10.0 (typical of
Kevlar 49 composite system) are presented
in Figures 2 and 3.




Several important observations can be
made if one examines the hoop stress dis-
tributions for the wide rim disks, b = 0.1.
For the isotropic case, the peak hoop
stress is at the inner radius, a = 0.1,
while for the orthotropic case the peak
hoop stress is outward near a = 0.8. For
a constant stress design (varying thick-
ness) the isotropic flywheel is thicker at
the hub and the orthotropic flywheel is
thicker outboard. The latter is more ef-
ficient for energy storage. However, var-
iable thickness flywheels should generally
be treated as a 3-D elasticity problem
since a t,, shear stress is introduced.
For a filament-wound composite design,
this is an interlaminar shear with possi-
ble design Timiting significance.

Further insight is obtained if one
examines the ratio of maximum radial and
hoop stresses for a wide rim disk,

b =0.1. For the isotropic and ortho-
tropic cases, these are approximately 0.4
and 0.18 respectively. A low ratio is
desired for filament-wound composite de-
signs, since the radial stress corresponds
to a transverse tensile stress in a uni-
directional composite. The higher ortho-
tropy ratios result in Tower values of
this stress ratio, but within the Timits
of practical materials, do not lower it
sufficiently. This results from a recog-
nition that the ratio of allowable
strengths corresponding to the fiber and
transverse direction is typically of the
order of 0.03 to 0.05 (<< 0.18).  Filament
wound wide disk designs would appear to be
inefficient, since the fibers could not be
highly stressed.

Some other important observations are
made if one examines the stresses for a
thin rim wheel, b = 0.9. The radial
stresses are effectively zero for both
cases, but the hoop stresses are identical
for both. The thin rim design is effec-
tively in a membrane state of stress, i.e.,
the stresses are independent of material
properties and only the displacements and
strains are material dependent. The thin-
rim, filament-wound composite flywheel is
attractive from a stress viewpoint. Var-
jations of a single ring design include
nested thin rings and the modular ring
concept.

This plane stress analytical model
will be used for the study of thin-rim,
flywheel design concepts. Another promis-
ing concept appears to be the modular ring
(6) where relatively thin composite rings
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are nested and bonded together by an elas-
tomeric material, Figure 4. This system
can be modelied by several methods, in-
cluding finite elements, F.E. The F.E.
methods, however, are generally computa-
tionally time consuming, which is a draw-
back for a simulation approach to relia-
bility studies. For this reason, this
class of flywheel system was modelled by
the transfer matrix method (7).

TRANSFER MATRIX ANALYSIS

The transfer matrix method can be
applied to a broad class of flywheel de-
signs and analytical problems. It is
alsoan efficient computational scheme.
Figure 5 illustrates a modular ring fly-
wheel where the parameter r; defines the
radial position of any station of interest
through the flywheel width. This may in-
clude the interface between two materials
or a position within a given ring. The
previously derived, plane stress solution
for a rotating orthotropic disk is recast
into the following transfer matrix form.

\,

[ A
of {41 G2 Gaf (o
Up =1 Gy Cpp Cpzl Uy
] !
L
1 0 0 1 1
i - o Ji—]
: T
State Transfér Matrix State
Vector .th Vector
at 1. for i layer at r.
i i=1
ry - Radial Stress at rs
Ui - Radial Displacement at r;
Also
E v
9. U ‘ er.
o, ={-d_y L Tl o
i Ee Ti Vop i
i1 i-1

Hoop Stress at r;

The stresses and displacements (state
vector) at a given station r. are related
to the same quantities at a ﬁrevious sta-
tion rj_1 by a transfer matrix, (C);,
developed from the plane stress solution.




The terms in (C) are lengthy and are not
written out here. The expression for hoop
stress was written to allow for a jump
across an interface of two materials.

The state vector for any general po-
sition may be related to the state vector
at rg, the inner boundary, by simple ma-
trix multiplication as follows

g 0]

r r
u = (C)] U
1/ 1/
Oy % %
by o= e, (U = @, (0
1 /p 17 g
Iy I
v o= (), (©), (©) {
1y [

or

GY‘ OY'
Uy = (P), (U
1 i 1 0

The boundary conditions are routine-
1y incorporated as illustrated in the
following example

o) P11 P Pig| o
Up = P Pap Pog (U
1)y o o 1],
or
ov = P11o * Pilo * Ps
Uy = Ppiop ¥ Poolp * Po3
if
U0 = oy * 0
o = P13’y
Uy = Paz = P1gPr/Ppy

The hoop stresses at the inner and
outer edges can also be computed now.
Then we have defined the state vectors

at o and rN:

UY‘ OY‘
U & U
% %
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We can now calculate the state vector at
all intermediate stations as

o Pli P2 Pi3 I
o I T I < R
1o
i = 1 toN-1
Also
o (Right & Left)

Other boundary conditions can be prescrib-
ed including elastic constraints.

The scheme was checked in three ways.
First, the basic expression for the trans-
fer matrix was reduced to the isotropic
case and compared to the cataloged expres-
sion found in Pestel and Leckie (7). Sec-
ond, the solution for a solid orthotropic
disk was computed and compared to the re-
sults of the previous section. Finally,

a trial design of the modular ring con-
struction similar to that of Figure 4 was
investigated. A radius of 12 inches and a
rotation velocity of 3000 radians per sec-
ond were chosen such that the peak hoop
stress in a Kevlar 49 ring would be some-
what less than 150 ksi. The resulting
hoop and radial stress distributions are
shown in Figures 6 and 7. The peak hoop
stress is approximately 136 ksi while the
inner Kevlar rings are understressed. The
jump in hoop stress across the Kevlar/
elastomer interface is obvious. The peak
radial stress in Kevlar is above 10 ksi.
This is not desirable and indicated either
the need for a greater number of thinner
Kevlar rings or choice of another elasto-
meric material, or both. The high radial
stress in the steel ring at the inner hub
results from the boundary constraint of
zero radial displacement.

Considerable confidence in the model
was gained from these three checks. An
undocumented Fortran program is listed in
Appendix A. The advantages of the method
include the following items.
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(a) It provides an "exact" solution with-
in the assumptions of 2-D elasticity
theory.

(b) It addresses routinely problems with
layers made of different materials. The
materials can be orthotropic or isotropic
in elastic moduli. The method can be
readily generalized to include orthotropic
thermal expansion coefficients to study
thermal and residual stresses. It can
also be generalized to account for fly-
wheels of varying thickness. The latter
solution is approximate since an average
layer thickness is used. Also the Tz
and o, stresses are not accounted for:

(c) The scheme is computationally con-
cise. A typical CPU time for the example
problem is 0.05 sec on an IBM 370-165
system, level H.

SIMULATION APPROACH TO RELIABILITY

The conciseness of the above analyti-
cal scheme allows the practical applica-
tion of simulation methods. Inherent to
this approach is the necessity of making
many (say 10,000) individual sample runs.
Monte Carlo Simulation coupled with a
sensitivity analysis has seen many systems
applications including the design and re-
liability assessment of composite struc-
tures (4). Briefly, in this method one
must:

(a)

(b) define random variables and their
probability distributions (ex. material
properties, geometry, loads and history)

(c) define constraints on system per-
formance

(d) define failure mode criterion as a_
function of the random variables Z = f(x)
(ex. allowable strength - design stress)

(e) sample from each random variables
population according to the MCS format and
compute a value of Z. Perform sufficient
number of replications and form a histo-
gram of probability distribution of Z.
Assess reliability of system for this
failure mode.

(f) use sensitivity analysis methods to
determine the percent variation of Z
caused by each X

define fixed variables




The necessary number of replications
is controlled by practical criteria, which
can be found in advanced references. High
reliability requirements require high num-
bers of replications, since the problem is
addressing the extreme values in the tail
of the Z distribution. The incorporation
of a proof test is an excellent control on
these extreme values with corresponding
improvement in the reliability assessment.

A sample histogram exerpted from (4)
is reproduced as Figure 8. Negative val-
ues of the random variable correspond to
failure. The corresponding area under the
curve enclosing the histogram is the prob-
ability of failure. The complimentary
area is the probability of survival.

FAILURE MODES OF COMPOSITE FLYWHEELS

Consideration will be given to a wide
variety of plausible failure modes includ-
ing maximum stress states, fracture,
static fatigue (stress rupture) and cyclic
fatigue. The variability in material
properties will be considered as will
realistic load history.

CONCLUSIONS

Efficient analytical models suitable
for the reliability assessment of several
composite flywheel design concepts have
been presented. The transfer matrix meth-
od is shown to be well-suited for simula-
tion studies of complex flywheel designs
such as the modular ring. Future studies
will implement these tools in describing
the mathematical reliability of selected
concept designs and the failure modes.

References
1. M. L. Shooman, Probabilistic Reliabil-

jty: An Engineering Approach, McGraw-
Hil1, 1968.

2. R. M. Stark and R. L. Nicholls, Mathe-
matical Foundations for Design: Civil

Engineering Systems, McGraw-Hill,
1972.

3. F. Moses and D. E. Kinser, "Optimum
Structural Design with Failure Proba-
bility Constraints", AIAA J., Vol. 5,
No. 6, June 1967, pp. 1152-1158.

248

4.

R. E. Maxwell, R. H. Toland and

C. W. Johnson, "Probabilistic Design
of Composite Structures", ASTM STP
580 Composite Reliability, 1975.

J. N. Yang and W. J. Trapp, "Reliabil-
ity Analysis of Aircraft Structures
Under Random Loading and Periodic In-
spection," AIAA J., Vol. 12, Dec.
1974, pp. 1623-1630.

R. F. Post and S. F. Post, "Fly-
wheels", Scientific American, Vol.
299, No. 6, Dec. 1973, pp. 17-23.

E. C. Pestel and F. A. Leckie, Matrix
Methods in Elastomechanics, McGraw-
Hill, 1963.




:-
q
™
O
]

RWR

x
/

DL |
XN S
! T,
- IS S S, U U S A - ]
S ) : R !
4 : 30, : i v P
’ ! .QWM L 1
] - e S !
6.3 RS e 3
|
£
U : ]
i = £, 7 o D\ s
T G ’ i +— &+ l’;.!l" 1475 Gu (72 7— ‘91[7 A" | I PR 4
! i
i i T " ‘.‘
i i . i
e e e :
|
.4 /%)
o5 L

\
&
'S

G2 / - < 1
T 1/ \\

r_ 19 ] oy B

i [ N 'OVA'; e 1. \\\
. L~ N

A [ 8 1L [ebarom
4 : T SRR R B

f OH— -0 2030/ —0/5 06— G708 0ja—H0

Q= r/R,_

Fig. 2. Nondimensionalized hoop and radial stresses for a class
of 1sotropic flywheels of varying width, b, but constant
thickness.

249




L ek Axe=10.0 | | b= RI/R
<5— ; . N , o
"de .
: LT ING sl
RQWRY | R 25
6.6 ] k\ : :
‘ TS
. } : 1 \6:0 L . : =
R R = N
L e
! T /’ T o

M - - - DO \‘ / -
. . ..
43 N ”0/ - s
1% // L v
T |
T . T
ot 02403 1 004506 0.7 0.8
e )
. [ _ B
: T
ac oz DY g
ViR WY
. - _ :_
04t r
A2
Vs
|
|
PR
iz
i .
+ b‘(g.l
i . l/?"- : : ’/l
. A BRI B ’O
14
,' Ay Alv L Ale als omle
Vit ¥ AL Av ™) ¥ A o ;

Q= r/R,

Fig. 3. Nondimensionalized hoog and radial stresses for a class of

orthotropic (Eg/E.= 10
constant thickness.

flywheels of varying width, b, but

250




Fig. 4. Modular ring flywheel concept, [6].
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APPENDIX A

START 0oF

DIMENSION AC20)sPHUC20)sEHUUPC20)sPRC20)sRATIO(20)2P11(20),P12(20)
1,P13(20)»P21¢20),P22(20)5P23¢20),yC20)»SIGR(20)»SIGH1C20)2SIGH2(20
1)sAMASS(20)sFERTIAC20)2ENER(20)

READ(55101)NsRsRY2HIG

FORMATCIS»4F10,3)

READ(S2102)CACTI)»IE1N*1)

FURMATC10F840)

00 100 I=1,N

READCS»103)PHOCI)»EHOUPCI)»PRCIDSRATION]L),

FORMATC(2E104022F840)

Al=AC]1)

A2=2A(I+1)

AMASS(ID=PHOCI)*3 41416 HX((AZXR)I* %24 (AL XRIN%2,4) %G
ERTIA(I)=0.5*AMASS(I)*((A?*R)**2.+(A1*R)**?.)
ENERCIDI=OsS*ERTIACII*RV %2,

C1=SuRT(RATID(1))

B12(C1+PR(I))/(24*C1)

B2=(C1=PR(I))/(2.%C1)

B3=EHUOP(I)/(24%C1)

Ba4==(34+PRCIII/(9+=RATINCI))
BS=(RATIOCI)+34#C1+34%PRCII4PRCOII*CLII/ (9 »RATIUCI))In24*C])
B6=(3,#C1=3,#PRCII+PRUII*C1=RATIOCIII/((ge=RATIUCTIDIIR24%C1)
B7=(RATIOCI)=PRCII**24)/(24xC1*xEHNOPCI))
BE=(PROIIa*2,*RATIUCIII/ZCCo=RATINCI)I*EHOOPCT D))
B9=(C1*RATIDCI)*3«*RATIOCII=CI*PR(II**2.=34*PR(L)**2,)/((94=RAT]IO(
11))»2,#C{*xEHDOPC(T))
B1O=(CI*RATTIOCTI ) =34 *RATIOCII=CLI*PRCII %42, 4#3,*%PRCII**24)/( (9"
IRATIUCTI))*2 *CLaEHUOPCI))
Cl1=81%A1%x(1a=Cil*a2%%x(Ci=14)+52%A12x(),+C1InA2*%(~Cl"]s)
C12zB3* (AL **("CL1YYA2** (L1l ) =AL**CLI*A2**(=C1=10))/K
C13=PHOCTI*(RVRRI#A%2 % (BUXA2* %2, 4B5 %A1 ax(3,2C1)nppan(Cy=]1,)+Bgn
1AL **C3,4C1)wp2%2(=C1=14))
C21=B7#Re(Alax(1,wCl)*A2%4ClmAlun(lsi4Cl)aA?xx(=C1l))

C22=B 1 aaiwxCi*a2%x(=C1)4B2*Alwx(= ] )op2%x(]

C23=PHO(T )RV **2 4 *R*} %3¢ X (BBRA2* X3 4PN 1 kh(3a=CLl)®AZR*CL+B10% ] *x(
13,4C1)»a2%x(=C1))

IFCIsG6Te1) GO TO 10

P11¢1)=C11

P12(1)=C12

P13(1)=Cc13

P21(1)=¢c21

P22(1)=C¢22

P23(1)=C23

GD TU 100

P11(¢1)=C11%P11(1=1)+4C122P21(I~1)
P12(1)=C11#P12(1=1)+C12*P22(1=1)
P13(I1)=C11*P13(I=1)+C12*P23(I"1)+C13
P21(1)=C21%P11¢I=1)4C22#P21(I=1)
P22(1)=C21%p12(1=10+4C22%P22([=1)
P23(1)=C21%P13(I=1)+4C22%xP23(I=1)+(23

CONTINUE

SIGRO==P13(N)/P11(N)

UN=P23(N)=P21(N)*P13(N)/PL1(N)

SIGHO=PR(1)+SIGRO
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200

111
112
113

300

114
ilg

SIGHN=EHOOP(N)*UN/R

DD 200 I=1sN=1

SIGR(CII=P11{I)*SIGRO+PL13(I)
UCly=rp21C(I)«SIGRo+F23C1)
SIGH1(1)=EHan(1)*u(1)/(A(I+1)*H)+PR(1)*51GR(1)
SIGH2(1)=EHUDP(I+1)*U(I)/(A(I*l)*R)*PR(1+1)*SIGR(I)
CONTINUE

WRITE(65111)SIGRU»SIGHO ‘
WRITE(é’112)(SIGR(I)’SIGH1(1)»SIGJZCI)»U(I);I=1!N~1)
WRITE(6»113)SIGHNSUN
FORMATCLIX2E1044510XsE1044,4X3H0,0)
FORMATCIX»3E1044sE1044)

FORMAT(S5X6HO U JE106¢8510X0»E1044/7)

TMASS=0.

TERTIA=0.

TENER‘O-

DO 300 I=1»N

TMASS=TMASS+AMASS(I)

TERTIA=TERTIA4ERTIACI)

TENER=TENER+FNERCI)

CONTINUE
WRITE(6»114)(AMASS(I)’ERTIA(I)'tNER(I);1=1,N)
WRITE(6»115)TMASS» TERTIA» TENER

FORMATCIX»3E1044)

FORMATCIX//71%X»3E10,4)

STOP

END

Input
RHO - mass density N - ne, ov leyer
5:09P ;ﬂie K ~ ool Radivg
RATIO - Eg/Er Ky - rctetioned veloaly raased)
AT) - a5 = ry/R M- Chidnens
Q‘, - ggvo\vA;&o;kao‘@,ﬁ Cawsteont

3 .
Loet 1)
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HYBRID CAR PROJECT BY LEMMENS ENTERPRISES

Joseph Lemmens
Lemmens Enterprises
248 Mayrand Street
St. Jean, Prov. Quebec

Canada

ABSTRACT

I. Previous Study and New Concept I.V.T.

IT.

III.
Dual Function.

IvV.
Transmission.

V. Conclusion.

PREVIQUS STUDY AND NEW CONCEPT I.V.T.

Lemmens Enterprises has been working
in research, technical innovation and pro-
totype building for the last ten years.

The different inventions that result-
ed were called the Infinitely Variable
Transmissions and Hybrid Systems. Both
systems use the well known continuously
variable transmission (CVT) V-Belt and
Pulleys.

Why the choice of V-Belt and Pulleys
as C.V.T.?

V-Belts and Pulleys have proved their
durability, capability, reliability and
low cost.

1. In automotive application in the last
years, Dof, even in racing in formula III.

2. In many manufacturing applications,
harvester machines and farm equipment.

3. In snowmobiles, more than 1,000,000
(V-BeTts and Pulleys) transmissions are
King. No other C.V.T. manual or automatic
transmission will be able to compete
against them.
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Infinitely Variable Transmission.

Lemmens Single Hybrid Transmission with

Specific Data About the Lemmens Hybrid

4. It is also the only C.V.T. that has
rotating parts that cut the fiywheel air
drag by 50%. Ours will be the first
practical hybrid car that does not need
vacuum, pump, shield, special bearing and
seals.

INFINITELY VARIABLE TRANSMISSION
OR

Dual power paths transmission using a
direct drive, a C.V.T. drive, differential
gearing in a new configuration that has a
dynamic neutral 1ike the Stroboscopic ef-
fect and an infinite variation of speed
between maximum reverse speed and maximum
forward speed.

Intensive tests led to the discovery
of three main types of transmissions with
characteristics suitable for the hybrid
car project.

1. Medium torque increased at near stall
speed: 2.5

2. High efficiency mid-to-top range
speed: 90%

3. High horsepower capability: 150 to
200 H.P. with a C.V.T. Drive (V-Belt and
Pulleys) weighing 60 pounds and industrial
H.P. rating.




LEMMENS SINGLE HYBRID TRANSMISSION WITH
DUAL FUNCTION

Intensive study and tests of three
types of hybrid flywheel heat engine sys-
tems gave us:

1. A dual transmission hybrid configura-
tion using only C.V.T. (V-Belt and Pulleys)
is easy to build, but for a family car it
needs a high volume (4 C.V.T.) and has

high cost and complexity.

2. Dual transmission hybrid configuration
using 2 Infinitely Variable Transmissions
in the same configuration as the Hybrid
Car by Lockheed (Popular Science, August
1973). This system is easy to build but
also has a high volume, high cost and com-
plexity.

3. Single Hybrid Transmission with dual
function. The use of one Infinitely Vari-
able Transmission with the flywheel fixed
to the member of the C.V.T. varies speed
inversely with the output shaft speed.

SPECIFIC DATA OF THE LEMMENS HYBRID
TRANSMISSION

EFFICIENCY DATA

1. Actual known art; C.V.T. (V-Belt and
Pulleys): 85% efficiency.

2. Single unit Lemmens I.V.T.: 90% ef-
ficiency.

3. Dual transmission flywheel hybrid
round trip efficiency (RTE): (90%)2 x
(90%)2 = 65%.

4. Single transmission flywheel hybrid
RTE better than dual configuration: 65% to
75%.

Practical tests conducted with the
T.F.H. dual function transmission gave:

(a) Input torque as high as 200 foot-
pounds at 5,000 rpm.

(b) Output torque of 400 foot-pounds
with a 30 H.P. engine at 2,000 rpm input
speed. (Future possibility is 800 foot-
pounds of torque with dual speed output
shaft; maximum output shaft speed 5,000

rpm)

5.
S.
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(c) Power density test: a test of
extractive power on several occasions
showed 7,000 to 3,000 rpm at the trans-
mission flywheel weighing 150 pounds,
18" diam., in time ranging from 10 to
20 sec.

(d) Spindown tests: spindown test
was conducted by running the engine at
2,000 rpm at the same time that the trans-
mission spun the flywheel to 6,600 rpm.

By uncoupling the engine and letting the
flywheel rotate at atm. pressure, 7 min-
utes were required to dissipate the
kinetic energy of the flywheel.

Kinetic energy store: around 300,000
foot-pounds.
Duration: 7 minutes or 420 sec.
Horsepower loss in air-drag flywheel
transmission drag: less than 1 1/2

. average.

and

CONCLUSIONS

The single transmission hybrid:
1. Is already compact enough to fit un-
der a family car hood.

2. Has an output capability of 200 H.P.

3. Will be ready to sell for specific
utilization in 1976.

4, Does not change the weight of the car
or the driver's habits and "feel".

5. Cost will be competitive with 4 speed
and transmissions with lock-up system.

6. Technigues are much easier than ac-
tual automatic transmissions, considering
that the whole system has only 100 or
fewer parts, instead of the usual 300 to
400.

7. A fuel improvement of 200%, which
means $300 gas saving when driving 15,000
miles a year.

8. Gives a pollution decrease of 400%
due to the steady running of the engine;
a 200% decrease in pollution and the 200%
jmprovement in fuel consumption add up to
a fantastic 400% improvement.
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FABRICATION AND THERMAL STRESS IN COMPOSITE FLYWHEELS*

Robert C. Reuter, Jr.
Sandia Laboratories, Advanced Energy Projects
P. 0. Box 5800
Albuquerque, New Mexico 87115

ABSTRACT

This paper analyzes the stresses that can occur in fiber composites, particularly

Kevlar 49/epoxy composites, suitable for flywheels.

Fabrication stresses are character-

jzed by analytical modeling of four fabrication phases: winding, heating to cure temper-

ature, heating at cure temperature and cooling.

The final state of stress depends on

winding tension, cure temperature and the properties and dimensions of the mandrel, fiber

and matrix.

Thermal stresses related to changes in service temperature are treated in

terms of geometry, mechanical and thermal orthotropy and Poisson effects.

INTRODUCTION

Energy storage performance of com-
posite flywheels could be seriously limit-
ed by stresses in the wheel due to fabri-
cation and temperature variations. It is
very important that the effects of param-
eter changes on fabrication and thermal
stresses be fully understood so that op-
timizations can be performed and efficient
flywheels designed.

DISCUSSION

Composite materials have been sug-
gested for flywheel applications because
of certain advantages they have over their
isotropic counterparts. These advantages
include high specific strength, ease of
fabrication and the ability to fail grace-
fully. These are strong and important ad-
vantages, and they should continue to pro-
vide an impetus for advanced composites
development for flywheels.

There is a class of composite fly-
wheels that can be treated as a multiply-
connected continuum for analytical pur-
poses and that possess cylindrical ortho-
tropy. These composites include those
fabricated by winding continuous wet or
preimpregnated filaments over an elastic
mandrel under some prescribed winding
tension. While it is this type of com-
posite flywheel which will be addressed
most directly, the analytical tools devel-
oped for this study are also applicable
to arbitrarily laminated rings and polar
weave composites.

In addition to the advantages that
composites register for flywheel applica-
tions, they also possess features which
could be considered liabilities. These
features are: 1) the general inability
of the above class of composites to with-
stand a uniform temperature change without
generating internal stresses, and 2) the
general inability to fabricate composites
of this class without building in fabrica-
tion, or residual, stresses.

Fabrication stresses are character-
ized through analytical modeling of four
fabrication phases. The first is the
winding phase, where continuous filaments
are wound under tension over a mandrel
until the final thickness is achieved.
The matrix material is assumed to have no
load carrying capability during this pro-
cess. The winding process creates a gen-
eral state of radial compression through-
out the cylinder, or disc, and also gen-
erates either tension or compression in
the circumferential direction, depending
on the winding tensions. It is possible
that overwrapping internal Tayers causes
them to lose their original winding ten-
sion and drives them into compression.
This could lead to local buckling of the
fibers.

The second process is that of heating
the composite to its cure temperature.
Differential thermal expansion at the man-
drel and thermal anisotropy of the com-
posite cause a redistribution of stresses
that existed after winding. The matrix

*This work was supported by the United States Energy Research and Development

Administration.




material still carries no load. The third
process is that of allowing the matrix
material to shrink and cure to its final
properties, thus causing another redistri-
bution of stress. Finally, the cured com-
posite is allowed to return to room tem-
perature. This also causes a redistribu-
tion of stress. The final state of stress
can be quite varied, depending on winding
tension patterns, cure temperatures, the
dimensions and material properties of the
mandrel, fibers and matrix of composites.
Final stress can, however, be tensile
stress in the radial direction, which re-
duces the performance capability of the
flywheel.

Thermal stresses also occur as serv-
ice temperatures change. Four independent
parameters are all that are required to
characterize the thermal stresses due to
uniform temperature changes in the subject
class of composites. They are

Parameter Which Characterizes
(b/a) Geometry
k Mechanical Orthotropy
22 Poisson Effects
n Thermal Orthotropy

Numerical results for thermal stresses
attributable to variations in the above
parameters are presented. In most cases
the properties of a Kevlar 49/epoxy resin
composite are used. For flywheels with
{b/a) of about 20, radial tensile stresses
of about 30 psi/CF are possible after
cooling to room temperature. This is sig-
nificant compared to strengths in this
direction of the order of 2000-3000 psi.

Fabrication stresses of Kevlar com-
posites are shown in the figures below.
These results should be added to those of
the thermal stress problem to obtain total
stress states.
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DESIGN AND MANUFACTURING CONSIDERATIONS FOR COMPOSITE FLYWHEELS

William E. Dick
Senior Design Engineer
Defense Products Division
Brunswick Corporation
4300 Industrial Avenue
Lincoln, Nebraska 68504

ABSTRACT

Important design and manufacturing variables for composite flywheels are considered.
A computer analysis of the inertial stress distribution in two flywheel designs is pre-
sented, and theoretical and experimental results of a thermal stress study for Kevlar/

epoxy flywheels are discussed.
INTRODUCTION

Much has been written and said about
the energy storage potential of composite
flywheels. It is well known that, due to
their high specific strength, high per-
formance fiber-composites offer a signifi-
cant advantage over other materials such
as steel.

Flywheel efficiency can be stated as
"energy storage potential per swept volume"
and is defined by:

E

v S

where o/p is the specific strength of the
material and K_ is a function of the fly-
wheel geometry. For fiber-composites,
o/p is high only in the direction of the
fibers, so that fiber orientation is an
important design consideration.

Many design concepts have been pro-
posed which attempt to make optimum use of
composite properties. Shape factors (Kg)
for several flywheel geometries are given
in Table 1. Basically they can be placed
in two groups. One group is the brush or
rod type which orients the fibers in the
radial direction. The other is the fila-
ment wound type which orients the fiber in
the circumferential direction. Included
in the second category are flat discs,
concentric rings, thin rings, and flared
discs. From the viewpoint of shape factor
and producibility, the filament wound fly-
wheels seem to offer the most advantages.

A shape factor of 0.3 to 0.4 in non-bal-
lasted wheels is readily attainable. Fila-
ment winding technology of pressure vessels
and rocket motor cases can, with some work,
be extended to flywheels. This report is
limited to filament wound flywheels.

TABLE 1

SHAPE FACTORS FOR VARIOUS
FLYWHEEL GEOMETRIES

GEOMETRY Ks

Layup Or Pultrude

Thin Rod 0.05

Brush Type 0.1
Filament Wound

Thin Ring 0.05

Flat Disc 0.3

Flared Disc 0.4

Concentric Rings 0.3-0.4

INERTIAL STRESS EFFECTS

Much of the published analytical
work on flywheel stresses has concerned
itself with inertial Toading. Computer
programs have been developed by Brunswick
and others which predict the stresses,
strains and deflections in any circumfer-
entially wound flywheel design. Details
of the analysis will not be covered here,
but a brief summary of the stress distri-
bution in two different designs will be
presented.

Flat Disc. The flat disc is the most
elementary form of filament wound fly-
wheel, and all other designs can be con-
sidered as a variation on it. Because of
this, it is a useful analytical tool and

- the results can be extended to other de-
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VARTABLE

Winding Tension

TABLE 2
PROCESSING VARIABLES

EFFECTS/POTENTIAL PROBLEMS

Residual Fiber Stress
Fiber Volume
Composite Uniformity

CONTROLS

Programmed Winding
Tension
Uniform Band Tension

Cure Schedule

Thermal Stress
Cure Shrinkage

Low Or Room Tempera-
ture Cure Resin
Systems
Stepped Cure
(Or B-Stage)

Band Width

Composite Uniformity
Winding Angle
Production Rate

Optimize For Particu-
lar Design

Laydown Reversals/
Cut Fibers (Layer
Termination)

Surface Uniformity
Mechanical Properties
Near The Surface

Programmed lLaydown
Gel Coats

Other Considerations

Vacuum Winding For Void
Free Composite

Kevlar Affected By Rela-
tive Humidity

Wetwinding Vs Pre-Impregnation

Etc.
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Depends On Specific
Design And Pro-
cessing Require-
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signs. In Figure 1 is a plot of the hoop
and radial stress distribution for a six-
teen-inch diameter Kevlar*/epoxy flywheel
at 40,000 rpm. Two radial moduli (Ep) are
shown to illustrate the strong effect of
resin modulus. For most Kevlar composites,
the transverse tensile strength is in the
range of 4000 to 5000 psi, while the maxi-
mum working stress in the fiber direction
is _around 280 ksi. A radial modulus of
106 psi can be achieved with resin systems
commonly used in filament winding but, for
the design illustrated, results in excess-
ively high radial stress. A speed of
40,000 rpm can be realized with a radial
modulus of 0.256 x 10° psi; however, the
design is still critical with respect to
radial stress. Obviously, a refinement in
the design is necessary to achieve a 280
ksi composite hoop stress prior to failure
in the transverse (radial) direction.

Concentric Rings. One variation on the
flat disc geometry is the concentric ring
design. In Figure 2, one of the discs
from Figure 1 is divided into four concen-
tric rings and separated by a lTow modulus
(103 psi) material 0.13 inch thick. The
effect on the radial stress is dramatic.
However, care must be taken in the design
of the system for attaching the rings to
each other in order to avoid fatigue and
vibrational problems. Further optimiza-
tion of this design can be accomplished by
varying the ring thickness and the material
properties through the wheetl.

MANUFACTURING CONSIDERATIONS

Processing is as important to fly-
wheel performance as design. However,
there has been very little published work
on manufacturing considerations. Perhaps
this is because a filament wound flywheel
appears deceptively easy to produce. There
are, however, many processing variables
which must be understood and controlled to
preduce a flywheel that meets its perform-
ance potential. Several of the more im-
portant variables are summarized in Table 2
along with some of the effects they can
have on a flywheel. Only two, winding
tension and cure schedule, will be dis-
cussed in detail. Obviously other process-
ing variables such as band width, layer
termination, winding environment and spec-
jal material handling procedures must be
considered in the actual production of a
flywheel.

*DuPont Kev]arR Aramid Fiber, Type 969
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Winding Tension. For any filament wound
composite part, accurate and uniform wind-
ing tension control is necessary to pro-
duce a uniform composite. Uniformity is
especially critical for flywheel balance.

One major effect of winding tension
is fiber volume. A high winding tension
results in a high fiber volume, which in
turn Teads to a higher specific strength
in the fiber direction but, in general,
poorer transverse properties. Thus, a
trade-off must be considered by the de-
signer.

Finally, an obvious effect of wind-
ing tension is the residual fiber stress
in the finished part. Excessive residual
tensile stresses reduce the effective max-
jmum operating hoop stress of the fly-
wheel. Compressive fiber stress can lead
to fiber buckling and in some cases matrix
cracking. In thick composites such as oc-
cur with most flywheel designs, compres-
sive stress can be a significant problem.
It results from the inward radial deflec-
tion of a Tlayer due to the pressure of
succeeding layers and is a function of
winding tension, of anisotropy and of
resin migration of the uncured composite.
An example of the effect of winding tens-
ion on compressive radial stresses is
shown in Figure 3. Two identical E-glass/
epoxy flat discs were wound--one with a
constant ten pounds tension and the other
with a programmed decreasing tension. The
fiber buckling evident in the constant
tension wheel is completely eliminated
with programmed tension.

Cure Schedule. To a great extent, the
composite cure schedule is determined by
the resin system selected for the part.
In the case of flywheels, their thick
sections demand that careful attention be
paid to the effect of the cure cycle on
the finished wheel. In particular, the
thermal stresses generated by elevated

cure temperatures can be significant. In
Figure 4 are positive prints of X-ray
photographs of two flywheels cured at
1309F and 3000F, respectively. The photo-

graphs show clearly the potential effect
of a high cure temperature resin system

on a Kevlar/epoxy flywheel. In Figure 5
are the results of a thermal stress com-
puter program for a filament wound Kevlar/
epoxy disc, which show radial tensile
strain due to a 500F reduction in tempera-




ture. The experimental results in this
figure show good agreement with theory.
This effect not only applies to cool down
during the cure cycle but can also result
from environmental temperature changes
after the flywheel is in operation.

An experimental study performed by
the Brunswick Corporation confirmed these
analytical predictions. The X-ray photo-
graphs shown in Figures 6 and 7 indicate
the effects of cooling on the residual
radial stress of Kevlar/epoxy discs. Af-
ter initial strain gage measurements, the
discs were progressively cooled from 1000F
in 250F decrements and strain gage data
was reported. After each temperature
decrement, the discs were also X-rayed.
Figures 6 and 7 are the X-ray photographs
taken at 500F, 250F, 0OF and -25°F. They
show that a single circumferential crack
occurred between 50°F and 250F at approxi-
mately one-third the distance from the
inner to the outer diameter. Two more
cracks appeared between 0OF and -25°F.

The location of the cracks is significant,
because they occurred at regions of maxi-
mum radial stress, as predicted by analy-
sis and confirmed by strain gage readings.

The strain gage results taken at each
temperature level are plotted in Figure 8.
Here the strain levels shown are the dif-
ference between the radial strain gage
reading and the amount the composite wants
to strain due to its radial coefficient of
thermal expansion. This differential
strain is indicative of the radial stress,
(i.e., for an isotropic material e, would
equal apAT and there would be no
The increasing tensile stress, with de-
creasing temperature, is evident until the
first crack appears at 259.

The Tocation of the delamination
corresponds to the region of maximum ten-
sile strain. The crack acts as a stress
relief mechanism and the tensile strain
decreases on either side of the crack.
This process continues as the composite is
progressively cooled. Obviously these
cure-related thermal stresses must be con-
trolled. A room-temperature cure resin
system or a carefully controlled stepped
cure program are two methods which can be
used for this purpose.

Resin shrinkage during cure has an
effect similar to thermal stress, since it
leads to residual radial tensile stress.
The cure schedule can also be used to con-
trol, to some extent, the effect of resin

gtress.).
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shrinkage and resin migration. By step
curing or step B-staging the composite,
some of the resin shrinkage of the inner
layers is allowed to take place prior to
winding subsequent layers. This reduces
one significant source of compressive hoop
and tensile radial residual stresses.

CONCLUSION

The technology of composite flywheels
is still in its infancy, and there is a
great deal of work yet to be done. Most
of the work done has treated design and
configuration, and it appears that the
tools do exist for selecting and optimiz-
ing a flywheel design. But effort cannot
stop there, because it is equally impor-
tant to have a complete understanding and
adequate control of processing variables.
Without them, the full design potential
of the "super-flywheel" cannot be real-
ized.
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PANEL DISCUSSION

At the end of the Flywheel Technology Symposium, there was a one-hour panel dis-
cussion to summarize the preceding two days' activities, to exchange ideas on what should

be done next, and to clarify any points of confusion.

of these discussions.

To start the discussion off, the
question was asked, "What research should
be started first?" One answer was that we
needed to get hardware on the road and do
more research in the area of design and
manufacturing of hardware. It was pointed
out that DOT has hardware in service now
in the form of the R-32 cars in the NY
subways and these cars are demonstrating
efficiencies and energy conservation.
Also, DOT has a new RFP out for another
large system. This moved the discussion
into the area of funding for small com-
panies vs large companies. The need for
funding of small companies was mentioned
by several individuals.

In answer to a question on total
U. S. funding for flywheel research, es-
timates were made ranging from $1 - 6.5
million this year. About 90% of this
money comes directly or indirectly from
U. S. government funds.

Considerable discussion centered
around questions of when the next flywheel
symposium should be held, what its struc-
ture should be, who should sponsor it, and
what types of papers should be presented.
Some of the suggestions were: hold the
next meeting within one year, have a hard-
ware exhibition, have workshops to discuss
different areas of flywheel development.
People would 1ike to see papers presented
in areas of (1) impact of flywheel systems
on fuel consumption, (2) what flywheels
can do for our economy, (3) more systems
designs and analysis, (4) bearing systems,
including magnetic systems, constant fre-
quency generators, infinitely variable
speed transmissions, etc. Also, the sug-
gestion was made to form a flywheel assoc-
iation.

One important question discussed was:
when will flywheel transportation systems
be available; in two or ten years? The
point was made that low energy density
systems (5 watt-h/1b) are possible now;
they can be on the road within the next
two years. However, higher energy density
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The following is a brief summary

systems, especially those containing
fiber composite flywheels, require more
research and may require up to ten years
for development. One company already has
four flywheel-containing cars on the road.

The comment was made there had not
been a good case presented at the flywheel
meeting for flywheel systems in competi-
tion with other energy storage systems,
i.e., batteries, etc. Someone mentioned
that the Rockwell Study does contain this
information; it should be available early
in 1976 (January). This study answers
questions about the technical and economic
feasibility of flywheels for transporta-
tion, utilities, and other applications.
It shows that flywheel technology is not
yet truly competitive with the internal
combustion engine as a primary propulsion
system. The San Francisco Muni Railway
is planning to convert several hundred of
their buses to flywheels for short-term
energy storage (0-3 miles operation).

Copies of ERDA reports (Rockwell
Study) can be obtained from ERDA Technical
Information Center, Oak Ridge, TN 37830.

The suggestion was made that a com-
petition be held among colleges for the
best flywheel car. By offering a prize
of from $10-50,000, a Targe amount of
work will be done per dollar spent, and
also a large amount of publicity will be
generated.

Two extensive areas were discussed
in which knowledge is thin about composite
materials in flywheel applications. These
areas are: (1) dynamic fatigue of compos-
ites under stress in flywheel environments,
particularly in cold and vacuum; and (2)
the safety factor needed for composites in
flywheel applications or reliability of
various composite materials in flywheel
designs.
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