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PREFACE

The Mechanical and Magnetic Energy Storage Annual Contractors' Review
Meeting was held in Luray, Virginia, on October 24-26, 1978, to review the
current research and development activities being carried out in these
programmatic areas by the Department of Energy's Division of Energy Storage
Systems. Approximately 140 representatives from government, national laboratories, universities and industry attended the three-day meeting, during
which 45 presentations were made by major DOE contractors and subcontractors.
Within the Division of Energy Storage systems, the responsibility for
the development of mechanical and magnetic energy storage lies within the
Advanced Physical Methods Branch. Included are five technology areas —
flywheels, mechanical energy storage for solar/wind applications, compressed
air energy storage, underground pumped hydroelectric energy storage, and
superconducting magnetic energy storage. Applications for the technology
include ground transportation, solar energy systems, and large-scale
electric utility systems.
The meeting was organized and conducted by the Lawrence Livermore
Laboratory under the direction of Dr. George C. Chang, Chief, Advanced
Physical Methods Branch of the Division of Energy Storage Systems.
Session chairmen were selected from the active program participants
for the eight designated technical sessions. Specific arrangements
for the respective sessions were coordinated through the session
chairmen. Credit for the success of this meeting is largely due to
the active support of these session chairmen, as well as that of the
individual speakers and of the Bradford National Corporation, through
whom the administrative arrangements for the meeting were made.
The technical papers which make up these proceedings were
individually propared by the responsible contractors and subcontractors;
the function of the "editors" in this case has been primarily that of
reviewing the individual submissions for completeness and assembling the
document for printing. Technical editing, in the formal sense, has been
minimal.
Thomas M. Barlow, Chairman
Mechanical and Magnetic Energy Storage
Annual Contractors Review Meeting-1978

OPENING REMARKS
George C. Chang

As the Branch Chief for Advanced Physical Methods, I am happy to welcome you
to the 1978 Mechanical and Magnetic Energy Storage Contractors' Review Meeting. We
envision this to be the first of a series of annual meetings for which there are two
purposes. The first is to make it possible for DOE Headquarters personnel to obtain,
with a minimum of travel, a comprehensive overview of our programs and an acquaintance
with the participants. The second purpose is to stimulate the exchange of information
and ideas between different organizations and disciplines. To help accomplish the first
purpose we have located this meeting in a pleasant place with easy access to Washington.
To accomplish the second purpose we want to encourage all of you to be open and uninhibited in making your comments and constructive criticism during the presentations
to follow. Me also plan to publish the proceedings of this meeting so that the general
public can have ready access to the information presented here.
During the next few days you will hear reports from a wide variety of disciplines, ranging from compressed air for utility peaking plants to flywheels for
regenerative braking. You will hear about such esoteric subjects as superconducting
magnets and more basic concepts such as underground pumped hydro. Each of these
storage technologies has something special to offer. Perhaps the only quality they
have in common is that all of them are advanced physical methods as opposed to chemical,
thermal, thermo-chemical, or electro-chemical methods. Some of the technologies are for
dispersed systems. The best examples are flywheels to store solar energy captured by
photovoltaic collectors. Other technologies apply exclusively to centralized systems.
Compressed air storage to be used in utility peaking plants is the outstanding example.
Some of our programs such as magnetic energy storage have a long-term pay-cff. Others,
such as compressed air, are almost ready for near-term exploitation. Flywheels for
automotive application are a mid-term technology which we expect to be ready for
commercialization in the mid-to-late 80's.
We are pleased both with our mix of long-term and short-term projects and with
our mix of dispersed and centralized technologies. We are also pleased with the progress
that has taken place since 1975 when these programs were initiated. We hope that you,
too, will be impressed as the details of our programs unfold in front of you during the
next three days.
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James H. Swisher
I, too, would like to welcome you to the conference. For the past two years
we have had annual contractors' review meetings for both the Thermal Storage Program
and the Hydrogen Program, but until this year we have never had one for the Mechanical
and Magnetic Programs. It is our intent to make this an annual event.
In the past, we have found that we had a great deal of difficulty in
sending all the Headquarters staff to annual meetings away from Washington. Hence, we
would like to continue to have the meeting within a 150 mile radius of Washington.
Also, we thought that we were missing out by not encouraging and enticing other
government people to come to some of our reviews to learn more about our programs. We
have made an attempt this year to see if some Congressional staff aides might like
to come. We have also invited representatives from both DOE policy groups and other
government agencies. By looking around the room I can see that we have been
successful in obtaining the wider audience which we have been seeking. I am
particularly pleased to be able to offer a special welcome to the new participants in
our meetings. I hope that you will favor us with your comments and suggestions
during the days to come.

vii

SESSION I: FLYWHEELS

PROJECT SUMMARY

Project T i t l e : Mechanical Energy Storage Technology Development for Electric
and Hybrid Vehicle Applications
Principal Investigator:
Organization:

Thomas M. Barlow

Lawrence Livermore Laboratory
Mail Stop L-209
P. 0. Box 808
L-svermore, CA 94550
(415) 422-6434

Project Goals: The goals of the E&HV-MEST project are to develop and demonstrate
mechanical energy storage technology for effective application to
electric and hybrid vehicles in accord with the provisions of the
Electric and Hybrid Vehicle Research, Development and Demonstration
Act and to maximize the commercialization potential of this technology.
Project Status: Work was initiated in the final quarter of FY1977; three major
subcontracts for the development of MES technology have been placed
and are scheduled for completion in FY1979. Two of these, with
Garrett AiResearch and General Electric CR&D, respectively,
involve fully-contained flywheel energy storage systems with
electric input/output machines. The third contract, with the
Eaton Corporation, is for the design and evaluation of an
elastomeric energy storage subsystem.
Contract Number: W-7405-ENG-48
Contract Period:

Sept. 1977 - Sept. 1979

Funding Level:

$1,400,000

Funding Source:

U. S. Department of Energy

MECHANICAL ENERGY STORAGE TECHNOLOGY DEVELOPMENT
FOR
ELECTRIC AND HYBRID VEHICLE APPLICATIONS*
Thomas M. Barlow
Lawrence Livermore Laboratory
P.O. Box 808 (L-209)
Livermore, California 94550

ABSTRACT

The Department of Energy authorized t'.a E&HV-MEST Project in September 1977 to
provide a focus for its efforts to develop mechanical energy storage technology for
application to electric and hybrid vehicles. Technical management responsibility for
the project was assigned to the Lawrence Livermore Laboratory. LLL has, in the past
year, contracted with industry for the development of two advanced flywheel concepts
and one elastomeiic energy storage concept, all applicable to regenerative braking
and designed to improve the performance and fuel economy of electric vehicles.
Additional efforts include an experimental study of the effect of load leveling on
battery life and analytical evaluations of mechanical energy storage technology.
These activities are integrated in an overall plan and management structure designed
to enhance the commercialization of electric vehicles.

INTRODUCTION

BACKGROUND

The Electrical and Hybrid Vehicle
Mechanical Energy Storage Technology
(E&HV-MEST) Project was created in September 1977 by the U.S. Department of
Energy for the purpose of developing and
demonstrating the technology of flywheels
and other mechanical energy storage
subsystems for application to electric and
hybrid vehicles. The responsibility for
conducting the project was delegated to
the Lawrence Livennore Laboratory (LLL).
This paper describes the background
which led to the establishment of the E&HVMEST Project and identifies the authority
under which it is conducted. It also
presents the project plan and the organization
by which the plan is carried out. A
summary of the progress made in FY 1978 in
each of the task areas describes the specific
efforts undertaken, both within the Laboratory and by subcontract. Other presentations
at this meeting will provide additional
detail concerning the subcontracted efforts.

FLYWHEEL TECHNOLOGY DEVELOPMENT
The U.S. Department of Energy's
flywheel technology program has shown
steady growth and progress since its
inception in 1975 . As a result of an
early technical and economic
feasibility study,2 the main focus of
the program has been on the development
of composite rotors which have high
energy density and can be economically
produced. Application of the
technology to the transportation
sector has been emphasized.
In the technical and economic
feasibility study noted above, several
findings were reported which have
guided the DOE Program:
o

The cost of the flywheel is the
major determining factor in
the application of flywheel
technology.

o

The development of high energy
density is the dominant factor
in reducing flywheel cost.

"Work performed under the auspices of the
U.S. Department of Energy by the Lawrence
Livcrmore Laboratory under contract number
W-7405-ENG-48."

•

The development of composite rotors with high energy densities
will broaden the applicability of
flywheels in the transportation
sector and could provide oil savings in the range of 100 million
barrels of oil (0.56 quads) per
year by 1995.

•

Flywheel safety need not be regarded as an unusually severe problem.

•

Flywheel systems with metallic rotors are applicable to certain
near-term vehicle systems and would
result in moderate oil savings.

hire recent studies 3 " 5 have reinforced these findings and have further defined the potential of flywheels (and
that of other mechanical energy storage
concepts) to provide electric and hybrid
vehicles with improved performance, increased range, and extended battery life.
In addition to the technology studies
conducted under the DOE Program, technology development has also been addressed
in the laboratory on both the component
and subsystem levels. These efforts have
been reported in the flywheel technology
symposia 6 ' 7 and elsewhere and include the
development of advanced composite rotors
and other components, as well as the advancement of complete systems for automotive application.
THE ELECTRIC AND HYBRID VEHICLE ACT OF
T97o"
The enactment of the Electric and
Hybrid Vehicle Act of 1976 (Public Law
94-413) gave added impetus to the DOE
flywheel technology program. Within the
Act, Congress authorized the Department
of Energy to conduct a program designed
to promote electric vehicle technologies
and to demonstrate the commercial feasibility of electric and hybrid vehicles.8
The Act cites recognition of the facts
that the Nation's dependence on foreign
oil must be reduced and that the introduction of electric and hybrid vehicles
into the transportation fleet could have
a substantial impact on the use of petroleum in this country.- By means of the
Act, Congress declared the policy to encourage and support research and development of electric and hybrid vehicles;
to demonstrate the economic and technical

practicability of electric and hybrid vehicles; and to promote the introduction
of electric and hybrid vehicles where
practical and beneficial. With regard
to energy storage technology, the Act
provides for research and development;
regenerative braking is specifically
identified as an area for development.
E&HV-MEST PROJECT SUMMARY
Through the cooperation of the DOE
Divisions of Energy Storage Systems and
Transportation Energy Conservation, the
E&HV-MEST Project is carrying out the
mechanical energy storage technology dev.lopment specified by the Act. The project was authorized by DOE in September
1977 and is being conducted by the University of California's Lawrence Livermore
Laboratory in tivermore, California. The
project emphasizes the development and
evaluation of mechanical energy storage
technology on a subsystem level. While most
of the experimental work is carried out by
subcontract to private industry, both universities and the National Laboratories
are involved in the analytical and project
planning efforts.
THE E&HV-MEST PROJECT
GOALS AND APPROACH
The goals of the E&HV-MEST Project are
to develop and demonstrate mechanical energy
storage subsystems technology for effective
application to electric and hybrid vehicles
in accord with the provisions of the Electric and Hybrid Vehicle Research, Development, and Demonstration Act of 1976 and to
maximize the commercialization potential of
this technology through the continuing involvement of the private sector.
In carrying out the project, the potential for energy savings is investigated
through concurrent theoretical analysis and
laboratory evaluation. Emphasis is given
to technology development efforts which are,
for the most part, carried out by subcontract to private industry. Supporting analyses are conducted by the National Laboratories, universities, and other organizations as appropriate.
Efforts within the E&HV-MEST Project
are coordinated with complementary projects
within the Energy Storage Technology Program and the E&HV Program. Information
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exchange is carried out routinely in a
number of areas of mutual interest.
ORGANIZATION
The E&HV-MEST Project consists of
four principal tasks, with subtasks identified as new efforts are planned and initiated (Fig. 1 ) . The four task areas,
each of which is described in more detail in later sections, are:
•

Technology Develoment and Evaluation, including both flywheels
and other mechanical energy storage (MES) concepts, such as hyraulic accumulators, elastic energy
storage devices, and the like;

•

Advanced Component Evaluation
which emphasizes the line of
communication with the Energy
Storage Technology Program;

•

Systems Application Assessment;
and

•

Technical Management, under which
the project planning and execution functions are carried out.

As noted earlier, the Technology Development and Evaluation Task is emphasized.

TECHNOLOGY DEVELOPMENT AND EVALUATION
The objective of this task is to
vance the current state-of-the-art of
chanical energy storage technology by
veloping and evaluating advanced MEST
cepts on a subsystems level.

admedecon-

The approach followed in this task
is to establish subcontracts with industry,
on a competitive basis, for the development and laboratory testing of specific
energy storage concepts. These development efforts are designed to incorporate
new technology appropriate for commercialization in the early 1980's and to
provide the capability, when applied to
electric and hybrid vehicles, to meet stated improvements in vehicle acceleration,
hill-climbing ability, and range. In addition, cost, reliability, and operational
simplicity are included as factors to be
considered.
The individual subcontracted efforts
are limited to periods of 12 to 18 months,
thus allowing an updated level of technology to be included in subsequent contracts.
This approach is designed to encourage maximum participation by private industry; to
allow the development of a number of promising concepts; to assure that the technology is advanced at rhe maximum rate consistent with industry's capabilities; to permit
the development of competitive sources; and,

finally, to provide necessary flexibility
within the project.
Included as a part of the technology
development projects are a production and
economic evaluation and a commercialization
plan for the technology should it be successfully developed and demonstrated.
The FY 1978 plan for the Technology
and Evaluation Task specified the placement
of subcontracts with private industry for
the development and testing of advanced MES
concepts applicable to regenerative braking
and combined (flywh&tVbattery or flywheel
battery/internal combustion engine) power
systems. Accomplishments during the year
included the successful negotiation of a
contract with General Electric CR&D for
the Phase II development of the inductor
motor/alternator/flywheel energy storage
concept and with the Garrett AiResearch
Manufacturing Company of California for
the development of an advanced flywheel
energy storage concept which features a
rim-type composite flywheel rotor and an
electrical input-output machine* A third
contract was awarded to the Eaton Corporation in September 1978 as a result of
a competitive proposal process. Each o£
the subcontracted technology development
activities is designed to provide a regenerative braking capability to electric
vehicles and each will provide improvements in performance (acceleration), fuel
economy, and range.

Figure 2 summarizes the schedule of
these activities, and indicates their continuation into FY 1979.
The General Electric and Garrett
AiResearch efforts will be adequately addressed in separate reviews by Lustenader
and Raynard, respectively. Because the
Eaton contract was quite recently negotiated, and because it involves a rather
novel concept, some additional detail concerning both the concept and the process
by which it was selected is provided here.
During the third quarter of FY 1978,
proposals were solicited and evaluated
for new MES technology development efforts.
Thirty-three "Invitations For Proposal"
were sent to companies having expressed
an interest in the effort. Thirteen proposals (which included a variety of energy
storage concepts) were received and evalated; from these, the Eaton Corporation
and the AVCO Corporation were selected for
further action, with priority being directed
to Eaton. Current funding limitations have
limited contract action to Eaton; further
negotiations with AVCO will be undertaken
as funding is available.
The concept proposed by the Eaton Corporation involves the application of an elastomeric energy storage concept to regenerative braking in an urban vehicle. The
concept is quite simple and involves a minimal amount of stored energy (less than

Garrett AiResearch
Contract negotiation
Design study
Hardware design and fab
Test and evaluation
General Electric CR&D
Contract negotiation
Design study
Hardware design and fab
Test and evaluation
Eaton Corporation
Proposal and negotiation
Phase I design study
Phase II fab and test

Fig. 2.

FY 1978 Technology Development and Evaluation Task Schedule

100 wh), yet the application is one in
which significant oil savings could be
realized. The first phase of this effort
invclves a design analysis and evaluation,
which should be completed in January 1979.
If the Phase I results are favorable,
a Phase II contract will be entered. The
Phase II effort will involve a complete
laboratory test and evaluation of the concept.

slowly increasing the pressure (from
vacuum toward atmospheric) in the chamber.
At about 4500 microns (4.5 Torr) the outer
two layers of the rotor failed. The
failure was completely contained, and
no yielding of the housing was noted.
The maximum torque experienced was 1100
ft lbs., and the time required for the
rotor to come to a stop was approximately
two seconds.

The AVCO Corporation proposal described the development and evaluation of
a flywheel energy storage concept which
features a disc-type composite rotor and
an infinitely variable mechanical transmission. This concept could be applied
either to regenerative braking or to a
"combined" power system and is particularly attractive because of the highefficiency, all-mechanical power transmission system.

The test is significant in the fact
that the non-catastrophic failure mode
of the rim-type composite rotor was demonstrated 3nd the integrity of the containment concept was proven.

ADVANCED COMPONENT EVALUATION
The objective of this task is to provide an evaluation of advanced component
technology from inclusion in demonstration
subsystems. A variety of components are
involved, including flywheel rotors, bearings, and seals; safety and containment
systems; and various transmission concepts, both mechanical and electrical.
This task is carried out in coordination with the DOE Flywheel Energy Storage
Technology Project, for which the Sandia
Laboratory, Albuquerque, New Mexico, has
responsibility.
A significant flywheel rotor burst
and containment test was conducted and reported by the Garrett AiResearch Company
in the third quarter of FY 1978. The
test was carried out as a part of the
Garrett Company's development effort under
the Near Term Electric Vehicle Program
(DOE Contract EV-76-C-03-1213). A rimtype flywheel was tested to failure at
26,000 rpm within a closed containment
system. The purposes of the test were
to demonstrate the system's capability
to contain the flywheel failure; to establish flywheel failure data; and to
obtain data pertinent to the design and
analysis of containment devices.
The failure test was conducted by
bringing the flywheel rotor up to test
speed in a vacuum environment and then

SYSTEMS APPLICATIONS ASSESSMENT
The objectives of this task are to
define the applicability of MES subsystems
to electric and hybrid vehicles of various types; to define the functional and
developmental requirements for these subsystems; and to provide technology development criteria as required by other
activities within the project.
As indicated by the statement of objectives, this task provides guidance and
criteria for the Technology Development
Task. It includes the consideration of
complementary energy storage technology
in order to provide perspective to the MES
efforts. Specifically, the following topics are addressed:
•

Energy storage system functional
requirements,

•

Identification of viable concepts,

•

Technology development requirements,

•

Economics and production evaluation,

•

Environmental and safety considerations, and

•

Technology utilization.

The operating plan for this task in
FY 1978 included an evaluation of the effect
of load leveling on battery life, a determination of the potential impact of MES
technology on electric vehicle performance,
and an analysis of the MES performance requirements.
The first of these activities is being

addressed through the conduct of a cooperatively supported battery load-leveling test
at the U. S. Army's Mobility Equipment Research and Development Command (MERADCOM),
Ft. Belvoir, Virginia. The test includes
two sets of batteries - one is cycled to a
"normal" load profile experienced by a
battery-powered transit vehicle, and the
second includes a load profile which simulates the effect of flywheel load leveling
on the battery set. This test is currently
underway, and an indication of the effect
of load leveling is expected when it is
completed next year.
The second and third activities are
being addressed analytically in separate
efforts by Dr. R. F. McAlevy and by the
LLL Transporation Systems Group. A report
of the LLL analysis is being prepared and
will be presented in the future, and Dr.
McAlevy will report his findings later in
this meeting.
As a general comment, several criteria
affect the design of the energy storage
system for vehicle applications:
•

Specific energy is important for
range, long grades, high-speed
passing, and other conditions
requiring considerable quantities
of energy.

•

Specific power is important for
acceleration, braking, and high
speed grades and passing.

•

Cost is always Important, and both
initial and life-cycle cost must
be considered.

•

The vehicle load cycle is important in that it specifies the retired acceleration and braking,
stops per mile, and cruise speed
and time - all of which impact
the design of the energy storage
system.

The unique characteristics of flywheels (and, to some extent, other mechanical energy storage concepts) can be
used to advantage to extend the range of
electric vehicles, improve their acceleration characteristics, and provide them
with increased battery life. These characteristics include the unequaled ability
to effectively recover and store, for
future use, the energy normally lost in

vehicle braking and downgrade travel.
Additional design flexibility is afforded,
since the specific power of a flywheel
is essentially Independent of its specific
energy. Flywheels can be designed with
a high specific power capability, which
can be utilized to provide acceleration
and regenerative braking capability not
otherwise achievable in electric vehicles.
TECHNICAL MANAGEMENT
Activities within this task include
preparing and maintaining the project plan;
implementing the plan by developing criteria, preparing specifications, and establishing technology development projects;
directing contractor efforts and reporting
progress to DOE; and recommending companion
research and development efforts. Each of
these activities has been addressed in
FY 1978, with the Project Plan being submitted in April 1978; proposals for technology development projects invited and contracts awarded to three companies; and regular progress reports provided to the DOE
Divisions of Energy Storage Systems and
Transportation Energy Conservation. In addition to the regular project reviews,
project personnel participated in eleven
workshops, review meetings, and symposia
during the year in order to facilitate coordination with complementary efforts carried out elsewhere.
Figure 3 summarizes the resource allocations for the project (in Budget Authority) by task and by performing institution.
As the figure indicates, the majority of
the funding supports the Technology Development and Evaluation Task, and private industry is, by far, the primary "performer."
Funding for the MERADCOM test is reflected
as "U. S. Army," while the university segment consists primarily of faculty consultants to the project.
As noted earlier, the E&HV-MEST
Project interacts formally with a number
of organizations which support DOE in both
the Energy Storage Technology Program pprt
the Electric and Hybrid Vehicle RD&D
Program. Figure 4 schematically indicates these interrelationships:
•

The DOE Division of Energy Storage
Storage Systems (STOR) is responsible for the Flywheel Technology
Project, for which the Sandia Laboratory in Albuquerque (SLA) has
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Distribution of rY1978 Budget (Budget Authority)

Flywheel
technology
development

Fig. 4.

Vehicle
MES

technology

Vehicle
systems
technology

Propulsion
system

technology

E&HV-MEST Project Interactions

been delegated execution responsibility. STOR provides the technical direction to the E&HV-MEST
Project.

porting TEC in this regard are the
Jet Propulsion Laboratory (JPL) of
the California Institute of Technology in the vehicle systems area
and the NASA-Lewis Research Center
(LERC) in the propulsion systems .
area. TEC exercises the execution
(budget) authority for the E&HVMEST Project.

The DOE Division of Transportation Energy Conservation (TEC)
is responsible for the Electric
and Hybrid Vehicle Program- Sup-
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FY 1979 PLANS
Current plans for the E&HV-MEST Project in FY 1979 include completing the
Garrett AiResearch and General Electric
CR&D flywheel technology efforts; evaluating the Eaton Corporation's elastomeric
energy storage concept, and initiating
the Phase II development, if warranted;
and completing the MERADCOM battery loadleveling test. Additional tasks, including
the development of the AVCO flywheel energy
storage concept, will be initiated as funding permits. Supporting activities will be
continued in the areas of applications analysis and technical management.

2.

Economic and Technical Feasibility
Study for Energy Storage Flywheels,
Energy Research and Development Administration Report ERDA 76-65, 1975.

3.

E. Behrin, J. Bolger, C. Hudson, L.
O'Connell, B. Rubin, M. Schwartz, C. Waide, and W. Walsh, Energy Storage
Systems for Automobile Propulsion.
Lawrence Livermore Laboratory Report
UCRL-52303, Vols. I and II, 1977.

4.

Determination of the Effectiveness
and Feasibility of Regenerative
Braking Systems on Electric and Other
Automobiles. U. S. Department of
Energy Report UCRL/W52306, Vols. I
and II, 1978.

5.

R. F. McAlevy, R. F. McAlevy and Associates, Hoboken, IJJ, Private communication, September 1, 1978.

6.

Proceedings of the 1975 Flywheel Technology Symposium. G. C. Chang and R.
G» Stone, Editors, Energy Research and
Development Administration Report
ERDA-76-85, 1976.

7.

1977 Flywheel Technology Symposium Proceedings . G. C. Chang and R. G. Stone,
Editors, U. S. Department of Energy
Report CONF-771053, 1978

8.

Introduction to the ERDA Electric and
Hybrid Vehicle Demonstration Project.
Energy and Research Development Administration Report ERHQ-0008, 1977.

9.

B. H. Rowlett, Burst and Containment
Test Report for Flywheel Power Systems.
Near-Term Electric Vehicle Program
Phase II. Garrett AiResearch Manufacturing Co. of California Report 7815148, 1978.

CONCLUSIONS
The first year's progress of the E&HVMEST Project has been significant:
•

Three major technology development
efforts are being carried out under
subcontract to private industry.

•

The effect of load leveling on battery life is being experimentally
investigated.

•

Mechanical energy storage system
performance criteria for vehicle
applications has been determined.

•

An analysis of the importance of
MES to electric vehicle performance
has been completed.

Although the current state-of-the-art
is adequate for some vehicular applications,
further development is required, on both
the component and subsystems level, in
order to improve the performance and economics of mechanical energy storage technology.
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THE IMPACT OF MECHANICAL-ENERGY-STORAGE-DEVICE ADDITION
ON THE PERFCIUVIANCE OF ELECTRIC VEHICLES
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Robert F. McAlevy III & Assocs.
1204 Bloomfield St.
Hoboken, New Jersey 07030

ABSTRACT
Electric vehicle, EV, power and energy balances were used to establish battery requirements as a function of vehicle mission specification.
Normal freeway/urban commuter car driving patterns were found to require
battery power capabilities in excess of those forecast for this century.
However, Ni/Zn and other batteries should ptrmit EV's to follow normal
urban commuter car driving patterns. A criterion for the optimum battery
is evolved and used to delineate between power-determined (battery mass
in excess of that needed to meet range specification) and range-determined EV designs. The impact of adding a mechanical-energy-storage, MES,
device to an EV depends strongly on the "baseline" EV design. For rangedetermined EV's, analytical relationships are developed for the maximum
MES device mass permitted as a function of energy-efficiency increment
produced, so that there will be no change in: (a) vehicle mass and (b)
vehicle energy consumption,compared to the baseline EV. The limiting
case of MES device mass approaching zero (e.g., infinite power-density and
energy-density) while the increment of energy-efficiency remains is also
examined. Therefore, the boundaries of beneficial MES device application
to range-limited EV's has been established. Presently, the analysis is
being extended to EV's of power determined design, where the payoff for
MES device addition can be much greater, and to ICE vehicles.
BACKGROUND AND INTRODUCTION
By incorporating mechanicalenergy-storage (MES) devices into
automotive vehicles it is possible
to improve the performance of the
vehicles. The performance increment depends on both the performance
of the original, or "baseline" vehicle, and the characteristics of
the MES device employed.
Electric vehicles, EV's,are
the baseline vehicles considered in
this document. In order to qualify
for participation in Federally supported programs, they must exhibit
certain minimum performance levels .
Recently, the performance of extant
EV's was critically reviewed^. Both
the Federal Standards and actual
performance are substantially inferior to that exhibited by present
day automobiles of common experience. This shortfall is a direct
result of the shortcomings of pres-

ent day batteries compared to a
"tank" of liquid fuel. For example,
the best lead/acid oattery has a
gravimetric energy content less
than 1/100 that of petroleum-based
fuels. Therefore, in order to
achieve a range of 60km or so, it is
necessary to allocate about 1/3 of
the EV mass to batteries (coiflpared
to about 1/30 for a fuel gas tank
in petroleum-fueled automobiles).
In order to carry such battery masses in vehicles with reasonable
payload-fractions, it is necessary
to compromise their structural integrity. For example, while using
the same materials and fabrication
techniques as automobiles, EV's
were found to have body/chassis
mass-fractions that are, typically,
only 0.45^ compared to 0.65 or so
for present day automobile.
Battery research and development activities should result in
improved batteries in the future.

A panel of experts has forecast the
characteristics of future batteries
through the end of the century^. A
computer model was used to calculate the performance of EV's that
use such batteries^.
The subject program involves
an analytical model of baseline EV
performance. It is based on a
methodology developed and described
elsewhere* and used previously for
comparisons amongst different kinds
of alternate energy vehicles^. Here
it is used to establish the criterion for the optimum EV battery as
a function of EV mission requirement
and to evaluate the potential of
future batteries-^ to power EV's
through different missions — specifically, the urban commuter car
and freeway/urban commuter car missions. It is' used to establish the
threshold MES device characteristics required for "breakeven" performance when the devices are added
to baseline EV's of range determined design.
This work is continuing and
future reports will deal with the
breakeven condition for baseline
EV's of power determined design, as
well as the performance increments
possible by incorporation of MES
devices of known characteristics.
It is expected that this work will
lead to a rational basis for evaluating the impact of MES device addition on the performance of EV's.
The benefits that accrue will vary
from situation to situation, but
they include making it possible for
the MES/electric vehicle to perform
missions from which the baseline EV
is precluded due to inadequate battery power, improving vehicle
structural integrity, and reducing
the ownership costs of electrically
energized vehicles — which are
currently about 5 times greater than
petroleum-fueled automobiles*". Application of the methodology to
petroleum-fueled baseline vehicles
is planned as well.

the vehicle mass-fractions allocated for the several vehicle functions that must be fulfilled.
The Vehicle Drive Cycle. Drivecycles are used to model vehicle
driving patterns. A drive-cycle is
merely the specification of the vehicle's velocity-history over a
time interval. The vehicle is presumed to repeat the pattern over
its entire range.
Integration of the velocityhistory over the drive-cycle interval yields the distance traveled
during the drive-cycle, d. The
number of drive-cycles accomplished
before depleting the battery below
some reasonable level (say 80% discharge) , n, times d yields the vehicle1 s practical range, R. That
R = nd

(1)

Knowledge of vehicle characteristics — aerodynamic-drag-coefficient, frontal-area, and coefficient of rolling-resistance
—
coupled with knowledge of the instantaneous velocity, permits calculation of the instantaneous roadload imposed at the vehicle's
wheels. Multiplication of the instantaneous road-load by the instantaneous velocity yields the
instantaneous power. Inspection
of the instantaneous power at each
point in the cycle reveals the maximum vehicle power demand, PjnaxIntegration of the instantaneous
power over the drive-cycle yields
the energy requirement at. the vehicle's wheels in order to achieve
one drive-cycle, E v .
These simple exercises have
been performed assuming typical EV
characteristics? and a variety of
drive-cycles or a level road. The
results of these and other calculations** are shown in Table 1.* VJ<j>
is the total vehicle mass.
The Scott-cycle represents
the average of experimentally-determined driving patterns of automobiles observed in different areas of this country. About 1/3 of
the total travel was on freeways
so that Pjnax/^T i s sufficient for
*Table follows References.

ANALYTICAL APPROACH
The framework for the analysis
will be established here. It depends on the vehicle power and energy balances and specification of
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entrance up freeway ramps and highspeed passing maneuvers, etc. The
EPA cycle is also derived from observation of automobile drivingpatterns. They were made in Los
Angeles during rush hour. The absence of a freeway component relaxes the maximum power demand from
32 to 23 w/kg and energy demand
from 0.12 to 0.09 whr/kgkm.

The vehicle mass-fraction represented by the energy-conversion
system, a, therefore can be represented as:
(2)

" WT

Advanced electric motor systems have power densities approximately equal to 1/5.5 kw/kg3. Using
the values presented in Table 1,
EV's require a= 0.07 for the SAEJ
227a/C cycle, a = 0.13 for the EPA
Urban cycle and a = 0.18 for the
Scott-cycle.

The SAE cycles are artificial
in that they are not based on extensive observation of actual automobile driving patterns. Rather,
they have been promulgated as convenient driving schedules for the
testing of EV's^. The "D" cycle
was designed to test EV automobiles
used as commuter cars. Note that
the energy requirements and maximum
power requirements are close to
those of the EPA urban cycle, which
is based on commuter vehicle driving patterns. Unfortunately, only
1 of 23 EV's tested by the Department of Energy in order to characterize their present "state-of-theart" ^ could generate sufficient
power to follow the "D" cycle. In
fact, it was as a direct result of
this finding that the Federal EV
demonstration program performance
standard was set at the "C" cycle
levell. The "C" cycle was designed
to test electric parcel-post delivery vans, not automobiles.

Incorporation of an MES would
decrease the maximum power production of the electric motor and,
therefore, the fraction of <x represented by motor mass. But the
drive-train would still have to be
sized to deliver Pmax at the wheels
so the fractional decrease in a
will be less than the fractional
decrease in motor mass.
Sizing the Battery System for Maximum Power Demand. Power-train
inefficiencies result in an EV
battery maximum power draw that is
greater than (Pmax/Wlp) W T- D e ~
fining the power-train efficiency
at the maximum power point at rip,
then the maximum power-draw imposed
on the battery is (Pmax/WT) W T A ) P .

Near-term objectives for EV
improvement should be to develop a
battery that will permit EV commuter vans to follow the "D" cycle
or EPA Urban cycle without having
to pay too large a vehicle weight
penalty. Longer term objectives
might be to produce a battery that
will readily allow the vehicle to
follow a Scott-type cycle so some
freeway travel in an EV would become possible. By incorporating
MES devices in the EV, it should
be possible to relax the need for
the battery to supply all of the
vehicle maximum power requirement.

Defining Wg as the batterysystem mass (including all components, controls, supports, etc.
associated with the system) and
the battery gravimetric peak-powerdensity as (pVd.), then the maximum power output of the battery is
(pTd.) W S .
Equating maximum power demand
to maximum power output, yields,

ws = <P max /w T )w T /n p
or

Sizing the Electric Motor/Transmission/Drive- System . The EV motor/
transmission/drive-system maximum
power output is Pmax* T n e mass of
the system required to deliver P ^ x
is defined as W^c yielding a system "power-density" of (Pmax/wEc)•

!

(P

max/WT>

(3)
(4)

np(pTd.)
By incorporating an MES device into an EV that is power determined, it relieves the need for
the battery to supply all of the
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maximum power level. Thus,
could oe reduced, or a more economical battery of reduced (pTd.)
could be employed, etc.
Sizing the Battery System to Meet
the Range Demand. Due to losses in
the power-train, more energy must
be supplied to it than can be delivered to the wheels. The propulsion efficiency, np# of the energyconversion-device, which is strongly dependent on drive-cycle, accounts for these losses. For electrochemical batteries, more energy
must be stored in them than can be
delivered to the energy-conversiondevice. The battery energy efficiency, rig, which is strongly dependent on drive-cycle and rip, accounts for the internal dissipation within the battery. The vehicle "energy-efficiency" is defined as n = ngnp. Note that this
definition does not account for
losses during charging of the energy-storage-device, and properly so,
since the charging process has
nothing to do with vehicle performance per se once the vehicle is put
into operation.
Defining the gravimetric-energy-content of the energy-storagedevice, following charging and before power is drawn, as (es)p_Q,
then the balance between the energy initially stored on board,
Wg (es)p=Q, and the energy required
to execute n drive-cycles, can be
written as:
W

Substituting Eq. 1 and rearranging
yields,

S n P (e s } P=0
[Ev/WTd]

Two positive results can accrue by incorporating a MES device
into a range determined EV. By
supplying some of the maximum vehicle power requirement, the MES
"load-levels" the battery power
draw — thus, increasing rig and
battery lifetime. By capturing
some of the vehicle kinetic energy that otherwise would be dissipated in the brake-drums during
stopping, it can later be supplied
to help accelerate the vehicle;
this "regenerative braking" results in an increase of rip.

(6)

Defining R u l t as ngnp
(es)p_Q/[Ev/WTd] permits Eq. 6 to
be written as:

w,.

Real vehicles are composed of
more than an energy-storage device, so Wg < W T and therefore,
R < R u i f A s previously mentioned
Wg/WT for EV's are typically 10
times greater than that of gasoline-fueled vehicles, or Wg = 0.3
W T . Therefore, for EV's R = 0.3
R
ult* T h e better EV lead-acid
batteries exhibit (es)p=o = 45whr/
kg and r)S = 0.65 over the SAEJ227a/
C-cycle. The better power-trains
exhibit rip = 0.7 over the cycle and
since [Ev/WTd] = 0.09 whr/kg-km,
R
ult s 2 0 0 kln- Therefore, the
range of an advanced lead-acid EV
over the SAEJ227a/C-cycle, assum(0.3) (200) = 60 km. Experimentally-measured valves for R support
this result2 and thus tend to confirm the validity of the underlying methodology.

S =

n

Nevertheless, despite the
somewhat complicated composition
of Rult» it n a s a simple meaning.
It is the range achieved by a Utopian vehicle composed only of the
energy storage-device, having an
energy-efficiency of ripig and following a drive-cycle with an energy-requirement of [E v /W T d]. That
is, R •* Ruit when Wg •+ W^.

ing W S / W T = 0.3, should be R =

[E /W d]
<es>P=0

Note that every term, except
(es)p_Q, depends on drive-cycle.
[Ev/WTd] depends on vehicle aerodynamic drag and rolling-resistance
and their interaction with the
drive-cycle, np depends on powertrain characteristics and their interaction with the drive-cycle and
np depends on battery system characteristics and their interaction
with the drive-cycle and rip-

(7)
ult
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Therefore, incorporating an MES device increases n and therefore,
R
ulf

a vehicle with no R. Practical vehicles must have W S / W T > 0.

Distribution of Vehicle Mass-Fractions. The vehicle total mass, Wrp,
is composed of the sum of the masses of its several components.
That is,
W

T = W PL

+ W

EC

+

W

WM + WB

S

(8)

where:

W P L is the payload mass
W,
'M is the MES-device mass,
including that of its
container, shaft,
gears, etc.
W B is the body/chassis
mass
and the other terms have been defined previously in this section.
Dividing Eq. 8 by W_ yields,
W

W

P

where:

S

As Ws/W T is increased in response to increasing range and
power demand, then W T / W P L must increase as well. The upper limit
for W S /W T is l-B-a-6 for ME:-/EV
hybrids and 1-B-a for EV's, because as these finite levels are
approached W^/Vipi, •* °°, which also
represents an impractical limit.
Practical vehicles must have Ws/W T
< 1-B-a.
Since a, B, 6 and W S /W T can
be assumed to be independent of W T
for vehicles of the same generic
type and design values, then W T /
is independent of W^ as well.
It is interesting to note
that if an MES device is added to
an EV, while a + 3 are held constant, then Wr£./WpL would increase
unless there was a compensating
decrease in W5/W1J.

(9)
Operating Energy Consumption. The
quantity of battery energy consumed per unit distance of vehicle
travel, C, is given in terms of
the present notation as.

6 is the MES-device massfraction
B is the body/chassis
mass fraction

IEV/W d]

—Y.

Re-arranging Eq. 9 yields,

1

(12)

nsnp
This equation shows that

w.PL

1 -

C l-g-a-6

WT-

Division of both sides of
this equation by W p L yields

(10)
In the case of 6 = 0, that is,
an EV, Eq. 10 reduces to.
WT

w.P L

(1-B-a) =

— —
1 -

W,
PL

(11)

nsnp

(13)
"PL

x is the energy consumption per unit distance of payload
mass carried and is a useful parameter for comparing the energyperformance of vehicles.

1-B-a

p p j j is an important vehicle parameter. It is the amount
of vehicle mass required per unit
of payload and is a strong driver
of vehicle capital costs. The lowest possible value that Wj/Wpj, can
take is l/l-B-a-6 for an MES/EV
hybrid and 1/1-B-a for an EV. These
values are reached in the impractical limit of W S /W T •* 0. That is,

Since Ws/WpL is independent
of Wi>, then C / W P L will be independent of W T if [Ev/WTd] and
are independent of W T .
/T
decreases very slowly with increasing W T ' and this variation
will be ignored here. Also
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Thus, for every set of mission requirements (i.e., specification of R and drive-cycle), there
are minimum values of battery
electrical characteristics that
must be exceeded if the EV containing the battery is to be physically
realizable.

should be independent of W T and
this will be assumed here as well.
The vehicle operating energy
costs per unit of payload carried
vary directly with C / W P T . Substitution of Eqs. 10 and II into Eq.
13 shows how C/Wp L increases with
increasing Wg/WnT. Incorporation
of an MES into an EV would produce
an increase in C/Wp^ unless there
were compensating changes in VIQ/VI^,
and/or ngrip»

Defining the minimum value of
battery gravimetric peak-powerdensity as (pVa.)min, then, from
Eqs. 4 and 14,

It is interesting to note that
if ns = 0-65 and np = 0.7 are substituted into Eq. 12 along with
[Ev/WTd] = 0.09 whr/kg-km, which
are appropriate for the lead/acid
battery EV following the SAEJ227a/
C-cycle, Eq. 12 becomes C = 0.2 W T ,
whr/km, which is typical of the
better EV values found experimentaliy B .

(15)

min

So, for physically realizable EV's
of power-determined designs, the
decrease of Ws/Wy below ( W g / W T ) m a x
with increasing battery (pVct.) can
be expressed as,
(p.

w s /w T
(ws/wT)

ANALYSIS
In this section, the impact
on vehicle performance produced by
the addition of an MES device to an
EV will be analyzed. The analytical approach developed in the previous section will be employed to
do so. In particular, the minimum
MES device characteristics required
for no change in vehicle W^/Wp^ and
C/Wpj, — the "breakeven" situations — will be established.

(16)
(p.d.)

max

The nature of the impact depends on whether the EV is of power or
range-determined design, and this
will be shown to depend on both
the mission specification (i.e.,
range and drive-cycle) and the battery electrical characteristics.

Battery energy capacity is
the product of (e s )p = g and ns«
These appear as a product in the
definition of R u it (Eqs. 6 and 7 ) ,
and therefore, R u it increases
linearly with increasing ns( e s)p=0*
Defining the minimum values of
ultimate range and battery energy
capacity for physically realizable
EV's as (Ruit)min a n d [ns(es)p=olnin
respectively, then from Eqs. 6, 7
and 14,
<Rult>

1-3-a

min

(17)

and
[E /W d] R

The Inf j.uence of Mission Requirements and Battery Characteristics
on EV Design. Prom Eq. 11, it can
be seen that for an EV to be physically realizable, its Wg/W>p must
be less than 1-B-a. Defining the
maximum possible value of batterydevice mass-fraction as ( W s / W T ) m a x ,
then/

= 1-e-a

So, for EV's of range determined design

w s /w T
(ws/wT)max

(14)

at the impractical limit of
WT/WPL

•+ co.
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R

(19)

ult

(W s /W T ) m a x /(W s /W T ), so (p?d\) =

EXAMINATION OP THE ABILITY OF FUTURE BATTERIES TO MEET FUTURE EV
DRIVE-CYCLE POWER DEMAND

(108)(0.37)/(0.23) = 173 w/kg.
This is the battery gravimetric
peak-power requirement that must
be met if the EV containing it is
to follow the Scott cycle and be
of prudent (W T /W PL = 7) design.

Urban/Freeway Commuter-Car Driving
Pattern. The modest, for petroleum-fueled autos, power demand of
the Scott cycle will be taken here
as the model for urban/freeway commuter car driving patterns. From
Table 1, to follow this cycle, an
EV will have to have a road power
capability of 32 w/kg (or 0.02
hp/lb). Note that this is well below the power of today's petroleumfueled vehicles and only 2/3 of
that forecasted for future petroleum-fueled vehicles3. Further, it
leaves no margin of "reserve power"
for use should extraordinary driving conditions occur during the
normal Scott cycle. Reserve power
would be used if the EV, while
traveling at high speed, had to accelerate to avoid having an accident. For the Scott cycle, a =
0.18.

Present day EV's, powered by
lead/acid batteries, cannot even
follow the SAEJ227"a"D cycle, so
there is no possibility for them
to follow the Scott cycle. However, batteries having better electrical characteristics hopefully
will become available in the future.
Recently, a panel of battery experts have projected, with optimism, the electrical characteristics of batteries that might be
available for EV applications in
the 1990-2000 time frame3. The
(p7a.)'.<3 are: lead/acid, 94.6w/kg;
Ni/Fe, 103.8 w/kg, Ni/Zn, 139.9
w/kg; Zn/Cl2* 88 w/kg; Li-Al/FeS,
130 w/kg; Na/S (B-alumina), 130
w/kg; Na/S (glass), 160 w/kg;
Li/air, 129.4 w/kg.

Assuming it is necessary to
hold EV £ to 0.45, and thus accept
lower structural values than those
exhibited by petroleum-fueled vehicles,4 then 1-B-a = 1 - 0.45 0.18 = 0.37. (Note that if the
power train energy-density increases in the future a will decrease
and 3 can increase while l-$-a remains at 0.37.) Assuming^that n p =
0.8, then from Eq. 15, (p.d.)min =
32/(0.8)(0.37) = 108 w/kg.

It is clear that none of these
batteries would be able to power
an EV through the Scoti cycle.
That is, all of the (pTd.)'s are
below (p.d.)mj.n = 173 w/kg. Therefore, if there can be no improvement, in fact, over these optimistic forecasts, then EV's of prudent design will not be able to
follow the Scott cycle — or any
driving-pattern with comparable
peak power demands — in this
century1

When (pTct.) = (pTa.)min» % /

WPL = "» an<^ this does not represent a physically realizable vehicle. The actual Ws/WT must be
less than 1-g-a. It will be assumed 5 that prudent E.V. design
calls for WT/WpL = 7 if the acquisition costs and operating energy
costs (per unit payload mass) are
to be reasonable. Substituting
W T /W P L = 7 and 1-g-a =0.37 into
Eq. 11 yields W S /W T = 0.23. [Note
that the lower value of W S /W T compared to present practice 2 stems
from the larger value of a required by the Scott cyclercompared
to a = 0.07 required by present day
EV's following the low-power SAEJ
227(a)C cycle.]

Consequently, only by employing an MES device to provide the
peak-power demand of the Scott (or
comparable) cycle will electrically-energized vehicles be able to
compete with petroleum-fueled
autos in the urban/freeway commuter car market. This is a strong
imperative for developing appropriate MES devices.
Urban Commuter-Car Driving Pattern.
The EPA urban cycle will be taken
here as the model for urban commuter-car driving patterns (i.e.,
with no freeway component). The
(Pmax/WT> is 23 w/kg, which means
that a is 0.13 so 1-3-a = 1 - 0.450.13 = 0.42. Assuming that ^=0.8,

From Eq. 16, (p.d.) =
20

then from Eq. 15, (p.d.)min
(0.8) (0.42) = 68 w/kg.

=

2

have, on the road within the next
decade, electrically energized vehicles that can follow normal urban commuter car driving patterns.

V

Assuming that prudent EV design calls for W T /W P L = 7, then
from Eq. 11, for 1-3-a = 0.42, Ws
Wrr= 0.28. From Eq. 16, (p"T5.) =
(p7a.) m i n (W s /W T ) max /(W s /W T ) = 68
(.42)/0.28 = 102 w/kg.

THE OTPIMALLY-DESIGNED EV BATTERY:
INFLUENCE OF MISSION SPECIFICATION

Comparing this value with the
optimistic values projected3 for
batteries in the 1990-2000 time
frame, it appears that EV's employing lead/acid and Zn/Cl2 batteries
will be unable to follow normal/
urban commuter-car driving patterms in this century, and those
•
employing Ni/Fe batteries will be
marginally acceptable. Should it
be possible to develop the other
batteries cited to a point where
these forecasted electrical properties are actually realized, then
they would be adequate for urban
commuter car EV's of prudent (Wf/
W
PL = 7 ) design.

The optimally designed EV battery has electrical characteristics that result in a value of
vehicle Wg/Wip which simultaneously
satisfied both the mission drivecycle and range requirements.
Eqs. 16 and 19, in order to
be satisfied simultaneously require

J

opt

(20)

where [(p.d.)/R u itJ opt is the ratio
of electrical values required of
the optimum battery. Substituting
Eqs. 17 and 18, yields,

(pTd.)

In the 1985-90 time frame, the
only batterie^ that have adequate
forecasted (pTd.)'s are possibly:
the Ni/Fe, 101.0 w/kg; Ni/Zn,
135.3 w/kg; Li-Al/FeSx, 115.1 w/kg;
and Na/S (g-alumina), 115.1 w/kg.
But if the Ni/Zn battery, for example, cannot be developed to the
point where many hundred deep discharges are possible, then it probably will lead to EV annual expenses that are too high to be economically competitive with petroleum-fueled vehicles; and thus it
would not be used in EV's in the
1985-90 time frame. In addition,
should the Ni/Fe peak-power projection be too high by several percent, and the Li-Al/FeSx and Na/S
($-alumina) projections prove too
high by 15 percent or so, the EV's
could not follow normal urban commuter-car driving patterns.

•'min
<Rult>
min

!

I opt

max
[E v /W T d]

P

1
R
(21)

where[(p.d.)/n s (e s )p_ 0 ] Ql:)t is the
value of the peak-power/energycapacity ratio of the optimum battery. Note the strong influence
of mission on the characteristics
required for a battery to be optimum.
Conversely, given battery
characteristics and a drive-cycle,
it is possible to calculate a
value of R = Ro.b. that would make
these battery characteristics optimum. Thus, from Eq. 21,

TE v /W T d]

Therefore, considering the
many technical uncertainties involved in the development of these
batteries, it would be sagacious
to hedge against the possible economic/technical shortcomings of the
batteries that are actually developed by using MES devices to supply
EV peak power requirements. Otherwise, it might not be possible to

%
"S* s P=0
(22)

For example, if an EV were to
follow the EPA^urban cycle and had
p = 0.75 and ^p = 0.8^ then
(Pmax/Wij.)/[Ev/W>jid] np/TVp = (23)
(0.75)/(0.09)(0.8) = 240 w/whr-km.
For this situation, Eq. 22 becomes
n

21

240

of R.
(22a)

For the batteries having forecasted^ values of (p?5.) > 102 w/kg
(and therefore, able to
power prudently designed EV's
through the EPA urban cycle before
the end of the century,) values of
R
o.b. a r e listed in Table 2 (following References). The forecast
3 n r discharge capacity^ is used for
ri
s(e s ) P = 0 in Table 2.
An EV that can follow normal
commuter car driving patterns, but
that has a mission R < R o .b. will
be of power-limited design. Should
batteries of greater (]?Vcl.) than
the values listed in Table 2 be
developed in the time frames indicated, then the W T /W p]j and C/W PL
penalties associated with R < Ro.b.
operation will be reduced. But
shguld future battery actual
(p.d.)'s be equal or less than the
forecasted values, then the only
way to satisfy R < R o .b. mission
with electrically-energized vehicles, while avoiding these penalties, is to employ MES devices.
Graphical Representation of the
Variation of Ws/tftp with R for an
Urban Commuter Car Using a Ni/Zn
(1985-90) Battery. For these conditions, R u it = r|s(es)p=onp/[Ev/
W T d] = (150)(0.75)/0.09 = 1250 km.
And if 1-B-a = 0.37 = Ws/WT, then
W T /W P L -* «.
Assuming that for prudent design, Wtp/WpL = 7, then from Eq. 11,
Ws/W-r = 0.28, so the maximum R for
a prudently designed vehicle is
(0.28)(1250) = 350 km. Thus, the
value 350 km limits R in Fig. 1.
The (pTd.) for prudent design
was found to be 102 w/kg. Therefore, to meet the power demand,
W S /W T = (0.28)(102)/135.3 = 0.21.
This is the level of W S / W T that
yields R = R o b = 266 km (from
Table 1 ) .
For R > Ro.b.' W T / W P L is given
by Eq. 11. This is the region of
range-determined design. For R <
R
o.b.' W T / W P L B 0.21, independently

260
Fig. 1

3'50

R, km
W /W vs R
S T

The potential benefit that
would accrue in Wg/Wy by substituting an MES-device (Ni/Zn battery)
vehicle for a Ni/Zn battery EV in
the region of R < Ro.b. can be
estimated by comparing the gap between Wg/W T = 0.21 and the projection of Eq. 11 into this region of
power determined design.
.. N1MUM THRESHOLD MES DEVICE CHARACTERISTICS FOR BENEFICIAL APPLICATION TO RANGE-DETERMINED EV's
Various improvements in vehicle characteristics (i.e., decrease in Wy/WpL and C/WPL) can be
produced by MES device addition.
However, the benefits will accrue
only if the MES device has characteristics above a certain threshold level. The threshold MES device characteristics for "breakeven" vehicle performance are
analyzed here for a baseline EV of
range determined design (i.e., R >
Assuming that a remains unchanged, which is a realistic assumption for the present level of
analysis, then for both the baseline EV and the vehicle with the
MES device to have the same
from Eqs. 10 and 11,

1-e-a-R

1-e-a-l

ult

<Rult>

1-3-cx
m

(23)
where:
(<5)R is the MES device vehicle-mass-fraction allowable if
the Wf/WpL of both vehicles of
range-determined design are to be
the same; and (Rult)m *-s *-he ultimate range of the vehicle with the
MJ3S device.
Solving Eq. 23 for (6")R yields,

6

W

—
T

0

0.5

1.0

T\/T\

6

< > R = Iult

(24)

""'

Fig. 2.

Breakeven 6 vs

n/n m for range limited EV

=

Since R/R u it
Ws/Wj (from
Eq. 7) and R u lt/( R ult>m = n / n m
from Eq. 6 ) , for (es)p_g the same
in both vehicles, where n m is defined as the energy efficiency of
the vehicle with the MES device,
then Eq. 24 can be written as,

Dividing Eq. 27 by Eq. 24
yields,

(25)

(28)

Equation 25 is displayed in Fig. 2.

The result of (<5)R > ( 6 ) R derives from the fact that improvement in energy efficiency benefits
C/Wp L more strongly than W T / W p L .
Thus, for the same 1 m a large
vehicle mass-fraction can be devoted to the MES device and still
result in break-even W c / W p L .

«>»

-

%

For both vehicles to have the
same value of C/WpL, from Eqs. 10,
11 and 13,
[E v /w T d]/n m
1-a-B-R
R
ult

l-g-P-(6) R - R
Assuming that n

> i), then:

m
(26)
where (<S)R is the MES device vehicle-mass-fraction required for
equal C/Wp L .

(1) for 6 < (6")R- ( W T / W p L ) m < (W T /
W p L ) and

(C/WpL)m

(C/W pL )

(2) for ( I ) R < 6 < (6) R ; (W T /W p L )
m

Solving for (<5)R yields,
> (W T /W p L ) and
( 6 ) R = (1-e-a) [1 - 3. ]
m

(27)

(C/WpL)m

(c/wpL)

Equation 27 is displayed in Fig. 2.
(3) for 6 > (6) R ; ( W T / W p L ) m > (W T /
W p L ) and ( C / W p L ) m > (C/W pL )
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Illustrative Example of MES Device
Vehicle-Mass-Fraction Required for
Break-Even Performance: Baseline
EV of Range-Determined Design. Assume that an EV with Ni/Zn (19851990) battery has a mission of 300
km following an urban commuter car
drive-cycle. Therefore, 1-6-a =
0.37 and R u it = 1250 km. Wg/WT =
300/1250 = 0.24. (See Fig. 1)
Should the MES device have an
in/out efficiency such that, as a
result of regenerative braking and
battery peak-power-load-levelling,
ri/nm = 1/1.3
(which is reasonable 3 ' 6 ) then from Eq. 23, ( 6 ) R =
(0.24) [1 - 0.771 = 0.055, and from
Eq. 27, ( 6 ) R = (0.37) [1 - 0.77] =
0.085.

1
1.3

[0.37-0.24]
[0.37-0.185]

0.54

where C m is defined as the energy
consumption of the vehicle containing the MES device. This result can be represented as
[1 - (C) m /C]100 = 46%. That is,
46% reduction of energy consumption is possible for the conditions assumed here.

For actual MES devices having
0 < 6 < 0.055, W T savings will decrease and approach 0 as S approaches 0.055. If 0.055 < 6 <
0.085, the vehicle containing the
MES device will have a greater mass
than the baseline EV, but its energy consumption will be below
that of the baseline EV. Finally,
This calculation shows that,
MES devices requiring <5 > 0.085 in
for the same mission, a vehicle
order to produce n m /n = 1.3, canincorporating an MES device will
not be beneficially employed to rehave a lower Wy than that of the
duce vehicle energy consumption
baseline EV if the device can profor the situation considered in
duce r\/r\t=lA-.'i while having a mass this
example.
less than 5.5% of W T . And the MESdevice vehicle will consume less
RESULTS AND FUTURE WORK
energy than the baseline EV if its
mass is less than 8.5% of W T .
Analytical energy and power
balances
were used to produce equaIllustrative Example of Best Possitions describing vehicle mass and
ble Performance of Vehicle With
energy consumption as a function
MES Device: Baseline EV of Rangeof payload and mission specificaDetermined Design. For the situation. They form the basis for
tion considered in above section,
evaluating
the impact on performassuming that the gravimetric enance
produced
by adding MES deergy and power content of the MES
vices to vehicles.
device is so great that 6 •* 0, then
in the limit of 6=0
Eqs. 10 and
For EV's, it was found that
11 can be used to calculate the
no battery forecast for developcorresponding (Wf/WpiJm,6=0 a n d
ment in this century had a peak(C/W P L ) m ,6=opower capability sufficient for an
urban/freeway commuter car of pru=
Since R u lt = 1250 km; (Rult)m
dent design. Only by incorpora(1.3) (1250) = 1625 km, soR^(R u l t ) m =
ting an MES device could EV's per300/1625 = 0.185. From Eq. 10,
form this mission with these bat(W T /Wp L ) m ,6=0 = 1/(0.37 - 0.185) =
teries.
5.4 so a (7 - 5.4)/7 x 100 = 22.8%
reduction in W T is ideally possiFor missions that can be perble for the conditions assumed
formed
with EV's containing the
here.
forecast future batteries, (e.g.,
an urban commuter car mission,) the
From Eqs. 10, 11 and 13
impact of MES device addition was
found to depend on the baseline
R
EV design. A criterion for the
[1-g-a]
(C),
optimum EV battery as a function
of mission specification was evolV [l-n-ct-rfved. Should an EV be used in a
mission with a range less than
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Systems, Washington, D.C., April
17-22, 1977.

that derived from the criterion,
it is of power determined design;
if the range is greater, the design is range-determined.
Time permitted only the rangedetermined case to be analyzed.
The threshold MES device characteristics for breakeven vehicle performance was established as a
function vehicle energy efficiency
increment. The impact produced in
the limiting case of MES device
gravimetric power and energy content approaching °° was examined.
Future work includes a breakeven analysis for EV's of power
determined design and use of the results to examine the impact of
actual MES devices on both power
determined and range determined
designs, and application of the
methodology to establish the impact of MES-device addition to
petroleum-fueled vehicles.

5) McAlevy, R.F. Ill, "Optimum Design of Automotive Vehicles Employing Alternative Energy Sources of
Low Energy Density: Impact on
Selection of an Energy Carrier for
Future Urban Vehicle Transportation Systems," Proceedings of the
International Conference on Alternate Energy Sources, Miami Beach,
Florida, Dec. 5-7, 1977.
6) Sandberg, J.J. and Leschly, L.,
"User Experience with On-Road
Electric Vehicles in the U.S.A.
and Canada," Proceedings of the
13th Intersociety Energy Conversion Engineering Conference: Aug.
20-25, 1978, San Diego, CA, pp.
644-654, SAE P-75, SAE Inc., Warrendale, PA, August, 1978.
7) Liles, A.W. and Fetterman,
G.P., Jr., "Selection of Driving
Cycles for Electric Vehicles in
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Stateline, Nevada, Sept. 12-17,
1976.
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Table 1.

Typical drive-cycle characteristics

DRIVE-CYCLE
SAEJ227a/C
SAEJ227a/D
EPA Urban (no freeway)
Scott

13
20
23
32

0.09
0.1
0.09
0.12

Table 2. Forecasted (Ref. 3) Battery Electrical Characteristics and
EV Range Required of Urban Commuter Car for Batteries to be Optimum
Battery

(p.d.),£j-

Ni/Fe (1985-1990)
Ni/Fe (1990-2000)
Ni/Zn (1985-1990)
Ni/Zn (1990-2000)
Li-Al/FeSx
(1985-1990)
Li-Al/FeSx
(1990-2000)
Na/S (g-alum):
(1985-1990)
Na/S (g-alum):
(1990-2000)
Na/S (glass):
(1990-2000)
Li/air: (1S90-200O)

n

whr
S (e s> P=0' kg

(pTa.)
n (e )

w

s s p=o' w h r

Ro.b.
. ,km

101
101.8
135.3
139.9

59 .4 a
98
150
153 .5

1.7
1.0
.9
0.91

141
240
266
263

115.1

100

1.2

200

130

110

1.2

200

82 .5

1.4

171

130

123 .2

1.1

218

160
119

150
357 .1

1.1
0.33

218
727

115.1

a

Cap"acity at 3 hr discharge
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ADVANCED FLYWHEEL ENERGY STORAGE UNIT FOR A
HIGH POWER ENERGY SOURCE FOR VEHICULAR USE
Arthur E. Raynard
AiResearch Manufacturing Company of California
A Division of The Garrett Corporation
2525 West 190th Street
Torranee, California 90509

ABSTRACT
The maximum benefits that may be gained by the incorporation of mechanical energy
storage (MES) into vehicular propulsion systems are obtained by combining the concepts
of load-leveling the prime energy source(s), and recovering vehicle kinetic energy by
regeneration. These benefits are intuitively achievable and large, and have been
indirectly demonstrated in past programs. There is a pressing naed for the verification of these benefits in a structured program designed for that purpose. The verification, or lack thereof, is needed to give direction and emphasis to future MES component
and system development. This paper describes an experimental program that characterizes
the magnitude of the benefits in a flywheel propulsion system. The first step in the
program will be to experimentally determine the performance of a hermetically-sealed
flywheel system that has been optimized for an electric or hybrid vehicle. The flywheel
system has been designed and the design tradeoffs will be described.
INTRODUCTION

PROJECT GOALS

The need to reduce dependence on
petroleum sources for energy generation
has created a substantial interest in the
investigation and development of energy
storage devices, ihe flywheel energy
storage unit can provide substantial benefits to transportation propulsion systems.
The flywheel can supply high power demands
and thereby provide a method for load
leveling the primary energy supply. This
energy supply can be an electromechanical
battery or a liquid-fueled heat engine
power converter. In addition, the flywheel can accept vehicle kinetic energy
during braking (regeneration) at a rate
limited only by the transmission power
capability. This method of vehicle energy
storage can also be applied to third rail,
electrically-powered vehicles, or stationcharged electrical Iy-powered vehicles.

The principal goal is to provide
decision-making information regarding the
benefits of a mechanical energy storage
device as it applies to vehicle fuel consumption or vehicle range. Those benefits
must be of sufficient magnitude to reduce
the life-cycle cost of the flywheel propulsion system below a conventional propulsion system. The expected result of
the development program is to stimulate
industry to market such a s/stem and
thereby provide a method to reduce petroleum dependence within the U.S.
BACKGROUND INFORMATION
A substantial number of programs have
investigated flywheel systems for the purpose of load-1 eveI ing the energy, or power
source, and using vehicular kinetic energy
recovery to improve the system propulsive
efficiencies. Table 1 lists the programs
that Garrett-AjResearch has managed or
contributed to that feature flywheel
devices. A demonstrated savings of 33
percent was accomplished as a result of
braking regeneration only in a six-month
test program in The New York City subway

The one-year program that is
described in this paper will involve
design, fabrication, and experimental
determination of the performance of an
advanced, hermetically-sealed energy
storage unit that has been sized for a
typical 3000-lb curb weight vehicle.
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Table 1. Summary of load leveling
demon strat i on s.
PROGRAM

RESULTS
33% ELECTRIC ENERGY
SAVINGS. N Y . TEST

1. ENERGY STORAGE CAR

SUBWAY

2. ADVANCED CONCEPT TRAIN

SUBWAY

DEVELOPMENT TARGET
33% SAVINGS

3. UNIVERSITY OF WISCONSIN

PASSENGER CAR

33% FUEL SAVINGS.
F.U.O.C., OYNO TEST

4. HEAT ENGINE/FLYWHEEL
ELECTRIC TRANSMISSION STUDY

PASSENGER CAR

CALCULATED «5% FUEL
SAVINGS, F.U.O.C.

5. FLYWHEEL BUS STUOV

URBAN BUS

CALCULATED, 36S.
FUEL SAVINGS
DEVELOPMENT TARGET.
140H CYCLIC RANGE

POSTAL VAN
7. BATTERY/FLYWHEEL CAR

NEAR TERM
ELECTRIC VEHICLE

DEVELOPMENT TARGET.
140% CVCUC RANGE

8. HERMETICALLY SEALED
ENERGY STORAGE UNIT

VEHICLE
PROPUL5ION

DEVELOPMENT TARGET.
66% FUEL SAVINGS

system. Two subway cars were included
in the test. These cars were in revenue
service in 10-car trains. Studies have
shown that it is possible to save as much
as 65 percent of the fuel normally used
in a passenger vehicle operating in a city
driving mode. Other methods of improving
fuel economy are being developed, but
these other methods are complementary to
the flywheel system and do not replace
the benefits associated with the use of a
flywheel.
The flywheel benefits, however, can
become insignificant if the weight, the
parasitic losses, and input/output efficiencies are non-optimum. This program
concentrates on t'nese factors.

design information to allow a state-ofthe-art energy storage unit (ESU) to be
evolved. The program goal is to provide
an ESU with an overalI energy density of
3.0 w-hr/lb. This goal is to be achieved
for the indicated energy and power
requirements. There were five main areas
that required investigation in order to
define the ESU:
(a) Flywheel tradeoffs
(b) Electrical input/output machine
tradeoffs
(c) Bearing tradeoffs
(d) Vacuum tradeoffs
(e) Lubrication tradeoffs
The parameters investigated are indicated in Fig. 2.
•
•
•
•

WEIGHT
RPM
MATERIAL
CONTAINMENT

BEARING TRADEOFFS
•RPM
•LOS5E5
• SIZE
• MATERIALS

L

ENERGY STORAGE UNIT
(ESUI

[/

LUBRICATION TRAOEOFFS

-

• WEIGHT
•RPM
• EFFICIENCY CHARACTERISTIC

VACUUM TRADEOFFS
* MOLECULAR PUMP
PRESSURE VERSUS
FORE CHAMBER
PRESSURE

PROGRAM SCHEDULE SUMMARY
The program events are summarized in
Fig. 1. The design tradeoffs (Task 1) are
complete and the results reported herein.
The hardware design (Task 2) is also complete and the hardware has been ordered.
The results of Task 2 are summarized
herein.
MONTHS AFTER START OF PROGRAM
' 'M

TASK 1
BBl
DESIGN TRADEOFFS
STUDVREPORT.
TASK 2
HAROWARE DESIGN - .
TASK 3
HARDWARE FABRICATION .
TASK 4
TESTING AND EVALUATION..
TEST REPORT.
TASKS
PROGRAM MANAGEMENT
MONTHLY PROGRESS REPORT.
QUARTERLY ORAL
PRESENTATION.
_
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J

S

o

N

D
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BBl

BBl

A

J

F

M

A

"I
u

u

l

|
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The flywheel tradeoffs considered
weight, speed, material, and containment.
Two rotor rim materials were included,
Kevlar and S-glass. The tip speed limits
were 2500 fps and 2200 fps, respectively.
The weight shown in Fig. 3 includes
rotor, containment, molecular pump, and
*lywheel housing. This weight is plotted
against flywheel diameter and reaches a
minimum at 42,000 rpm for the S-glass
12-inch diameter configuration. However,
Kevlar was chosen as the rim material
because the Kevlar rotor design has been
developed and can be geometrically sealed
for this application. The weight difference between the two materials is insignificant and the program risk is minimized
by utilizing an existing design concept.

t»79

197t
MAY 1. 1»7»

Fig. 2. Tradeoff study summary.

\]

Fig. 1. Phase I program summary.

ELECTRICAL INPUT/OUTPUT MACHINE TRADEOFFS

TRADEOFF STUDY SUMMARY

Five types of machines were parametrically designed in terms of weight, speed,
range, and part-power efficiencies. They
are identified in Table 2. Each machine

The purpose of the tradeoff study
(Task 1) was to develop the parametric
29

Table 3.

bEARlMG
LOCATION

FLYWHEEL
ASSEMBLY
WEIGHT,
LBS

Bearing tradeoffs.

BEARING
ZOO
201

LOWER

m
204
302
303
304

UPPER

•MAT I

BEARING
BORE
MM

POWER
LOSS
WATTS

BIO
LIFE
HOURS

to
2
b
7

30
3B
S3
76

6.680
9.770
17.S3O
"5.000

•0
b
i
20

135
90
120
163

I7.9JU*

*.no

_
22.450

M50C£VM

VACUUM SYSTEM DESIGN
0 10

12

14

16

18

20 22 24

The ESU has a duaI chamber vacuum
system during operation. The flywheel
chamber is run at a pressure between 1.4
and 50 microns while the electrical
machine chamber is at approximately 1000
microns. The low pressure is maintained
in the flywheel cavity by a molecular pump
with a rotor diameter of 6 in. The design
characteristics are summarized in Fig. 4.
This design provides a pressure cat'\o of
700/1 at 100 percent speed and 20/1 at 50
percent speed. The energy storage unit
crossection is shown in Fig. 5.

FLYWHEEL RIM DIAMETER, INCHES
Fig. 3.

Table 2.

Flywheel tradeoffs.

Electrical input/output
machine tradeoffs.
BEST
WEIGHT
LB

1C0% SPEED
RPM

SALIENT POLE
SYNCHRONOUS

28.5

25.000

89

ROUND ROTOR
SYNCHRONOUS

23

36.000

83

MACHINE
TYPE

CHARACTERISTIC
EFFICIENCY
%

INDUCTION

16

42.000

92

H0M0P0LAR
INDUCTOR

25

60.000

89

14,000

-

IRONLESS
PERMANENT
MAGNET

NO SOLUTION

best-weight, which corresponds to its
weight at the indicated speed, is Iisted
along with its characteristic efficiency.
The induction machine, in combination
with the flywheel, provides the optimum
ESU from a weight, size, and efficiency
Standpoint, and therefore was selected as
the ESU input/output machine.

Fig. 4.

Vacuum system design.

BEARING TRADEOFFS
Bearings were investigated in terms
of losses, sizes, and materials. The
design loads criteria were imposed along
with the speed that was determined from
the electrical machine and flywheel optimization. The study results are summarized in Table 3.
A 202-size-bear ing made from 52100
steel was selected for the lower bearing.
A 204-size-bearing made from M50 CEVM
steel was selected for the upper bearing^.
The M50 material yields a 17,975 hr BtO
life. The total predicted maximum bearing
toss is 188 w.

Fig. 5.
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Energy storage unit
cross-section.

LUBRICATION TRADEOFFS
Five candidate oils are identified
in Table 4. As of this date, the Fyrquel
150 appears to be the best candidate oil.
Material compatibility tests are currently
taking place. Results will be, discussed
in the next reporting period.
Table 4.

Lubrication tradeoffs.
VISCOSITY
CENT'STOKES

CANDIDA TES

TVPE

M I L L 23699
IMOBIL.STD. OIL
PLUS OTHERS!

SYNTHETIC
BASE

COhAV. GRADE 32
EXXON

MINERAL
BASE
NAPTHENIC

5 ,

46

VAPOR
PRESSURE
TORR
021D°F
2

2X1»3

LUBRICITY

CORROSION
STABILITY

EXCELLENT

EXCELLENT

GOOD

POOR
OXIDATION
RESISTANCE

The stator consists of a stack of
silicon steel laminations punched to
receive the stator windings. The stator
insulation system wilI be class 220°C and
will have HML-coated magnet wire and
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rotor heating caused by the waveform of
the inverter. The current conductors and
end rings are cast copper alloy with a
conductivity related to pure copper of 60
percent. A flow of oil is pumped through
the inner diameter of the hollow rotor
shaft to provide cooling. The rotor has
a maximum peripheral speed of 420 fps,
which is consistent with other high speed
rotor designs.

The stator 0D wiI I be ground for a
shrink fit into the motor housing. The
motor housing is machined from aluminum
alloy and contains oil passages around
the motor stator to provide for stator
cool ing.

FLYWHEEL ROTOR CONSTRUCTION
The flywheel rim is a filamentwound composite material consisting of
concentric outer rings wound of Kevlar
roving with an epoxy binder, and one inner
ring wound using S-glass roving with an
epoxy binder. The Kevlar rings have a
higher strenqth-to-density ratio and are
superior for enerqy storage and fatigue
life. The inner ring of S-glass provides
for a dead loading of the outer rings and
for higher compressive strength in the
area of contact with the hub spokes.

VACUUM SYSTEM
The housing for tie entire motor,
flywheel, and pump is evacuated to
approximately one rorr (one millimeter of
mercury). In the unit shown, which is the
laboratory demonstrator, this process may
have to be repeated occasionally because
of the 0-ring seals in the housing. A
second evacuation may be necessary to
facilitate disassembly for development
changes. The flywheel cavity is brought
to an even lower pressure of approximately
0.001 torr by means of a molecular pump.
This device, with its rotor adjacent to
the flywheel hub, propels molecules up a
spiral path in the stator plate, thereby
causing the molecules to move from the
flywheel housing to the motor housing.
No rubbing seals are required.

The rim is mounted on a 4-spoked
hub, machined from 7075-T7351 aluminum
plate stock. There is a short protrusion
on one side of the hub to receive the
bolts that mount the flywheel to the
shaft.
CONTAINMENT/VACUUM CHAMBER
The flywheel is mounted in an airtight enclosure to provide for a vacuum
environment surrounding the flywheel. The
walIs of this enclosure are of steel and
are of sufficient thickness to provide
for containment of the flywheel in the
unlikely event of a burst failure.

LUBRICAT 10N/C00LING SYSTEM
Oil is circulated through the motor
cooling passages, the bearings, and the
oil cooler by means of a centrifugal
pump. The pump is gear driven from tne
lower end of the flywheel shaft. Oil is
picked up from the oil sump fn the lower
end of the unit and discharged under a
pressure of approximately 10 psi into
passages in the aluminum housing. From
here it passes out through the oil cooler
and back into the motor housing. One

MOTOR/GENERATOR CONSTRUCTION
The motor/generator is of the squirrel cage induction type. The rotor consists of a stack of silicon steel laminations pressed onto a magnetic steel shaft.
The rotor laminations are of special
design to minimize harmonic losses and
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passage leads through an external tube to
the jet in the oil sump cover. This jet
shoots oil into the center hole in the
rotating flywheel shaft. The high speed
of rotation causes the oil to flow on the
ID of the central hole and move to areas
of greater radius. This oil is then
drained bacx into the oil sump through
the outer annul us of the rotor shaft.

FUTURE WORK
The completion of the current contract
is based on the following objectives:

After the oi I reenters the motor
housing from the oil cooler, it enters
the motor stator cooling passages. After
cooling the motor stator, the oiI is
returned to the sump by gravity. The
split of the oil flow into the two possible paths is controlled by an orifice in
the housing that can be adjusted during
the development program.

The fIywheeI rotor i s cant iI evermounted on the end of the motor shaft.
A 204-size ball bearing is located at the
lower end of the shaft. The bearing inner
races and other elements of the rotating
assembly are clamped tightly axially for
increased shaft cross section to provide
the required stiffness. The upper bearing
is resilient Iy mounted to control the
range of critical speeds, reduce noise,
and to increase bearing life. The lower
bearing has an axial preload spring with
force that is also transmitted to the
upper bearing. Both bearings are shaftcooled and mist-lubricated.

•

Design integration of all
elements

•

Determine parasitic losses

•

Determine I/O losses

Follow through work to be considered
will investigate the total propulsion
system. This work will determine and
optimize the benefits associated with the
flywheel concept. The work must be systematic since the results will be strongly
influenced by the intended application.
A second element of work to be considered will determine the added weight
and cost of the total flywheel propulsion
system.

ESU INPUT/OUTPUT MACHINE PARAMETRIC
PERFORMANCE
For trade-off consideration, some of
the machine parameters are plotted in Fig.
6. The left-hand curve shows a plot of
machine efficiency versus output power.
Slip values are shown for the corresponding power outputs. Both the high-speed
case (in solid line) and the low-speed
case (in dotted line) are presented.

15
30
45
POWER OUTPUT |KW)

HIGH SPEED
LOWSPEEO

Fig. 6.

Prove composite rotor in
operating environment

A test program will measure the
energy storage unit performance and
determine the compatibility of the components with the cooling and lubrication
system. The effects of the vacuum level
will be observed and measured. After
these tests are completed, a series of
limited environmental tests will evaluate
the energy storage unit in terms of a
vehicle environment and operational cycle.

BEARING ARRANGEMENT

15
30
45
POWER OUTPUT (KW)

•

ESU I/O machine parametric
performance.
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ABSTRACT
This paper describes the progress to date on the laboratory development and evaluation of a regenerative flywheel energy storage system. The system has been designed
specifically for a battery/flywheel electric vehicle in the 3000 pound class. Planned
laboratory tests will simulate this electric vehicle operating over the SAE J227a Schedule
D driving cycle. The range improvement attributed to the use of the flywheel will be
established.
The flywheel energy storage system will consist of a solid rotor, synchronous inductor-type flywheel drive machine electrically coupled to a DC battery electric propulsion system through a load commutated inverter. The motor/alternator unit is
coupled mechanically to a small steel flywheel which regenerates the vehicle's braking
energy.
The laboratory simulation of the battery/flvwheel propulsion system will
include a 108 volt lead-acid battery bank, a separately excited DC propulsion motor
coupled to a flywheel which simulates the vehicle's inertia, and the flywheel energy
storage system comprised of the motor/flywheel unit, the load commutated inverter and its
control.
INTRODUCTION AND BACKGROUND
In 1974, a flywheel energy storage
system was conceived by the General Electric
Company and proposed for demonstration to
the Department of Energy, Office of Energy
Technology, Division of Energy Storage Systems. The overall objective of the program
was to demonstrate new technology associated
with a flywheel energy storage system consisting of a composite flywheel directly
coupled to an AC synchronous motor/alternator. The motor/alternator/flywheel unit
was hermetically sealed with the rotating
assembly operating in a low pressure helium
atmosphere. The motor/alternator received
its power from a solid state inverter/rectifier unit designed to provide the necessary
frequency control from a constant DC battery
power source.
The objective of the DOE program was
to demonstrate the following new technology:
•

Solid Rotor, inductor type synchronous
motor/alternator;

•

Direct coupled composite flywheel of
new "cross-ply" construction;

•

Sealed rotor assembly operating in low
pressure helium;

•

Load commutated inverter power supply
to couple the flywheel energy package
to a DC input/output power source;

•

Novel force commutated circuit for
starting the synchronous machine from
standstill;

•

Novel control system not requiring the
use of rotor shaft position sensors.

This new technology was successfully
demonstrated on DOE Contract EY-76-C-02-4010.
A follow-on to the program was initiated on March 17, 1978. The new program
has the specific objective of laboratory
testing an improved flywheel energy recovery system sized for a battery/flywheel
hybrid electric vehicle in the 3000 pound
class. Laboratory tests will be conducted
to simulate the electric vehicle operating
under the SAE J227a Schedule D driving
cycle. The objective is to simulate the
vehicle operating over this duty cycle and
to determine the range improvement that can
be attributed to the use of a small flywheel in combination with the battery bank.
Analysis has indicated that the flywheel/battery system can isolate the battery
from the acceleration power demands of the
vehicle and can also recover a substantial
portion of the braking energy. Thus, the
range of the flywheel/battery electric
vehicle is projected to be greater than that
of an all-battery electric car when used in
a repetitive start-stop driving cycle.

OVERALL VEHICLE SYSTEM STUDIES

SCOPE OF CURRENT PROGRAM
In achieving the above objective, an
improved flywheel energy recovery system
has been designed and is being fabricated.
There are nine major technical tasks to be
accomplished. The scope of the overall
program can be summarized as follows:
•

Establish specifications for a regenerative flywheel energy storage system
and prepare a test plan. These specifications would be based on tradeoff
studies between system weight, component efficiency, and performance.

•

Design a new, improved, all steel,
inductor motor/flywheel energy storage
package for a 3000 pound class electric
vehicle.
Test results from the first
phase of the DOE program would be utilized in arriving at this design.

•

Test the regenerative flywheel energy
storage system in the laboratory. In
order to simulate an actual driving
cycle, a load flywheel would be designed to simulate the inertia of the
3000 pound vehicle. This would be
coupled directly to a new separately
excited DC propulsion motor.

In analyzing the performance of a
flywheel/battery powered vehicle operating
on a duty cycle such as the SAE J227a Schedule D, a multitude of operating nodes can
be assumed. On this contract, five modes
of operation were selected for consideration.
These operating modes are illustrated in
Fig. 1.
In Mode 1 all of the braking energy
stored in the flywheel is used to supply
the drive motor armature power during the
initial stage of acceleration. This results
in power not being required from the battery by the motor armature until some point
beyond the "cornering point." "Cornering
Point" is defined as the vehicle speed at
which the back EMF of the propulsion motor
equals the battery voltage. This eliminates the need for an armature chopper in
the battery circuit, thus resulting in a
cost and weight saving as well as eliminating the losses ssociated with the chopper.
In this mode of operation, as well as in

The fourteen SCR inverter/rectifier
circuit which was demonstrated on the first
contract was completely redesigned and
replaced by a new 8 SCR unit with power contactors. Field reversal in the separately
excited propulsion motor obviates the need
for the six additional SCR's originally
proposed for braking.
The simulated propulsion system will consist
of a 108 Volt lead-acid battery bank, a DC
propulsion motor with a load flywheel, and
the regenerative flywheel energy storage
system. Tests will be conducted on the
equipment to simulate the vehicle in operation. The equipment will be operated to
establish the performance of the regenerative flywheel energy storage system as if
it were performing in a 3000 pound electric vehicle. It will be operated over
simulated driving cycles, and measurements
will be made to determine the energy required per cycle. Data will be reduced and
the results analyzed and compared to the
predicted performance. Results will provide an estimated range and power consumption for a 3000 pound class electric vehicle
with this type of flywhee1/battery propulsion package.
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MOOES
Note: O denotes "cornering point"

Fig. 1.

Power-Time Profiles for Various
Driving Cycles

other modes studied/ it is assumed that the
batteries will, at all times, supply the
drive motor field power and all other auxiliary power requirements.

•

Aerodynamic drag coefficient;

•

Vehicle frontal area,

•

Number of transmission speed ranges
(gears),

Mode 2 is similar to Mode 1 except
that once the cornering point is reached,
the remaining available flywheel power is
used uniformly over the remainder of the
accelerating period with the additional
required armature power being supplied by
the battery.
In this way '.he need for an
armature chopper is still elminated but the
peak battery current is reduced with a resulting improvement in battery output.
This is accomplished, however, at the expense of added control complexity.

•

Speed ratio for each gear,

•

Rolling resistance drag coefficients,

•

Wheel inertia,

In Mode 3 all of the braking energy
stored in the flywheel is used to reduce
the peak battery current. In this case,
an armature chopper is required in the battery circuit since battery power is used
prior to reaching the cornering point.
However, since peak battery current is
lower, total battery output will increase.
In the last two modes of operation.
Mode 4 and Mode 5, load levelling is used.
This is accomplished by using the battery
to charge the flywheel during the idle and/
or cruise segments of the cycle. This
results in minimizing the peak battery current. The tradeoff in this case, however,
is between the improved battery output due
to lower peak current and the losses associated with charging the flywheel from the
battery. With the exception of the load
levelling feature, Mode 4 is similar to
Mode 2, and Mode 5 is similar to Mode 3.
PERFORMANCE SIMULATION
In order to select the optimum mode of
operation and to carry out tradeoff studies
between vehicle weight, battery weight,
flywheel weight, flywheel in/out efficiency,
etc., computer simulation runs were made.
To accomplish this, four digital simulation
programs were set up; each one was derived
by making extensions to an existing computer
program currently being used for design
optimization performance predictions of the
electric vehicle being developed by the
General Electric Company under DOE Contract.
The modified programs are flexible enough
to accomodate a variety of vehicle parameters including:
•

Vehicle gross weight.

•

Wheel rolling radius,

•

Final drive ratio,

•

Transmission/final drive efficiency,

•

Motor design parameters (as defined
by the motor model),

•

Battery design parameters (as defined
by the battery model),

•

Electrical losses in drive train (as
defined by field and/or armature
chopper models),

•

Auxiliary power losses (including
accessories and ventilating blowers).

COMPUTER PROGRAM MODIFICATIONS
FOR THE FLYWHEEL/BATTERY VEHICLE
Figure 2 shows schematically the overall system modelled for computer evaluation.
The flywheel package was considered as a
single subsystem, containing the motor/
alternator/flywheel and power conditioning
equipment. As such, only one parameter,
the combined in/out efficiency, was required
to define this subsystem. This value became
an input to the program. It was assumed
that the size and speed range of the flywheel would be designed to be sufficient to
store the braking energy.
RESULTS OF THE VEHICLE SIMULATION
The battery/flywheel vehicle assumed
for these simulation runs was taken as a
modification of the all-battery electric
vehicle which General Electric is developing under a DOE/JPL contract. The vehicle
has an empty weight of 2000 lbs, a battery
weight of 1,100 lbs, and a passenger load of
600 lbs for a gross total weight of 3700 lbs.
Load Leveling C M M Only - Mode* 4 and 5

inertl*

AtroDrao

Fig.
36

Overall System Model

In assessing the results of the vehicle
simulation runs, two criteria were used:
First, the actual range for a repetitive
J227a Schedule D cycle, and second, how
this range canpares with that computed for
the pure battery electric vehicle. In the
latter case, no regeneration into the battery was assumed for a referenced vehicle
since the amount of regeneration possible
is not precisely known at this time.
Originally, it was proposed that the
total weight of the vehicle be kept constant even though a flywheel energy storage
package may weigh more than the chopper
control system used in a conventional battery electric vehicle. The constant vehicle
weight would be accomplished by removing
one or more of the propulsion batteries.
Computer runs for constant vehicle weight
were made, but runs were also made in which
the vehicle gross weight was allowed to
increase by the amount by which the flywheel package weight exceeded the weight of
the conventional propulsion system. In
these latter runs, the comparison with the
pure battery electric vehicle was made on
the basis of equal gross weight with the
increased weight of the battery vehicle
_being made up of additional propulsion
batteries.

A typical set of results is shown in
Figs. 3 and 4. These computations are
based on the Mode 3 type of operation indicated in Fig. 1. Since the flywheel energy
storage system had not yet been defined,
its weight was unknown. Therefore, computer runs were made with the assumption
that the flywheel propulsion system would
weigh betweeen 0 and 200 pounds more than
the pure battery (chopper controlled) propulsion system.
Calculations showed that for any fixed
weight increase due to the flywheel package
differential the vehicle performance was
slightly better if the battery weight were
kept constant as opposed to the gross weight
of the vehicle being kept constant. If the
vehicle gross weight were held constant, a
slightly higher flywheel in/out efficiency
was required in order to break even with a
pure battery vehicle. The same conclusion
was found for other modes of operation.
, The shortcoming of Mode 3 and Mode 5
operation is that an armature chopper or
some other means of controlling the DC voltage to the traction motor is required.
Realistically, this is also a shortcoming
of Mode 1 and Mode 2 operation since little
energy may be left in the flywheel after the

J227a Schedule D Driving Cycle
Vehicle Gross Weight Constant
at 3700 Pounds

100

MODE 3 Operation
J227a Schedule O Driving Cycle
Battery Weight Constant
at 1100 Pounds

90

3700 Ib Vehicle (0 wt flywheel)
3800 Ib Vehicle (100 Ib flywheel)
3900 Ib Vehicle (200 Ib flywheel)
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Fig. 3.

Effect on Vehicle Range for
Constant Vehicle Weight

Fig. 4.
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Effect on Vehicle Range for
Constant Battery Weight

cornering point i s reached even under ideal
conditions. For lower flywheel package
efficiencies or for interrupted driving
cycles, there may be insufficient flywheel
energy to reach the cornering point. Mode
4, however, avoids this shortcoming by providing for the transfer of energy from the
battery to the flywheel at a low current
level during the idle period and as a
further option during the cruise period.
In this way, the flywheel has sufficient
energy at the start of the cycle to reach
the cornering point and make a substantial
reduction in peak battery current under a l l
conditions.

110

100

Zei > Weight Flywheel Propulsion
Package Differential
3700 Ib Total (vehicle and
passengers)

90

v

80

70 -

SELECTED OPERATING MODE
Operating Mode 4 with load l e v e l l i n g
during t h e i d l e p e r i o d was, t h e r e f o r e ,
s e l e c t e d a s t h e o p e r a t i n g mode t o be used
f o r t h e remainder of t h i s s t u d y .
Based on
t h i s o p e r a t i n g mode, a computer s i m u l a t i o n
study of t h e J227a Schedule D d r i v i n g cycle
was made t o p r e d i c t t h e v e h i c l e range f o r
a single battery charge.
As a further output of the computer
runs, detailed calculations of voltages,
currents, e t c . , at discrete time intervals
were made, thus allowing subsequent design
studies of the various system components.
The in/out efficiency of the flywheel package was assumed to l i e somewhere between 60
and 100%. The recharging of the flywheel
during the vehicle idle period was at a
constant current for a 25-second interval.
The idle period charging current was varied
parametrically to determine the optimum
flywheel recharge. Range was determined for
two propulsion motor/gear r a t i o s , 5.48 and
7.307; the former corresponding to a vehicle
speed of 60 mph at full rated motor speed,
and the latter to 45 mph at the same motor
speed and thus i s a "lower" gear. The 7.307
gear r a t i o (lower gear) proved to be better
adapted to the Schedule D driving cycle as
the cornering point of the traction motor
i s reached at a lower vehicle speed.
I n i t i a l computer studies show that the
7.307 gear r a t i o achieved approximately 5
miles better range than the 5.48 r a t i o .
Therefore, the remaining computations were
done for a 7.307 gear r a t i o .
Plotting the calculated range vs. the
idle time battery current showed a maximum
range occurred with between 50 to 60 amps
fed to the flywheel package. This maximum
range obtained at optimum idle recharge
current i s plotted in Fig. 5.
On the basis
of these results, the detailed design study
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200 Ib Flywheel Propulsion
Package Differential
3900 Ib Total (vehicle
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Mode 4 - 7.307 Gear Ratio
Optimum Battery Current During Idle

- Basic 3700 Ib Vehicle w/o Flywheel Package
or Battery Regeneration
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Fig. 5. Flywheel Augmented Vehicle Range
assumed 50 amps idle recharge current, a
flywheel stored energy of 105 watt hours,
and a gear ratio of 7.307.
FLYWHEEL ENERGY STORAGE PACKAGE
ELECTRICAL DESIGN
As far as the flywheel drive machine
is concerned, the most difficult operating
point of the J227a driving cycle occurs
during vehicle braking and flywheel motoring. From an electrical point of view, the
most severe machine load occurs at 145% of
the base (or minimum operating) speed,
where the commutation requirements are 230
amperes at 108 volts in the DC link. This
particular point is, therefore taken as the
critical design point for electrical tradeoff studies.
NUMBER OF MAGNETIC POLES
The inductor machine which was built
on the first DOE Contract (EY76-C-02-4010)
had 8 poles. That design was chosen as a
compromise between mechanical and electrical requirements. Maximum power conditioning frequency was limited to 1000 Hz
and because of flywheel weight, the maximum rotor speed was set at 15,000 rpm. For
this application, a small steel flywheel is

the tradeoff between weight and motor/
alternator efficiency, electrical loss
reduction was assessed in terms of overall
vehicle weight. Vehicle system studies
showed that an energy storage system
efficiency improvement of 1 percentage point
during braking regeneration was equivalent
to approximately 25 pounds of vehicle weight
This factor was considered in the overall
tradeoff.
The electrical machine finally chosen
from the tradeoff is a 6-pole machine
operating with a maximum speed of 20,000
rpm, with a rotor radius of 3.6 inches and
a rotor length of 3.44 inches.
MECHANICAL DESIGN
The basic mechanical design of the
flywheel energy storage package now under
construction is shown in Fig. 6.
The inductor machine portion of the
rotating assembly, including the six poles
and the central shaft, is machined from a
magnetic steel billet (AISI 4340). Steel
shafts of non-magnetic, austenitic steel
are welded to both ends of the pole bearing
section in order to minimise flux leakage,
which tends to saturate the magnetic iron
and magnetize the ball bearings, making
them traps'"for magnetic wear particles.
The stub shafts are hollow to reduce weight.

Fig. 6.

The rotor shaft is vertically oriented
in order to minimize gyroscopic effects
which would occur if the unit were operated
in a vehicle. Angular contact ball bearings are used.
The upper bearing supports
the weight of the rotor while the lower
bearing acts as a guide with a spring controlled preload. Bearing lubrication and
cooling is achieved by an oil jet directed
on the inner race. Most of this oil is
thrown free of the bearing and returns to
the sump by a parallel path so as to minimize churning losses.

Machine with Maximum Design
Speed of 20,000 RPM

used since less stored energy is required.
The lower bearing loads in this case allow
higher rotor speeds. Thus, still within
the constraint of maximum frequency of 1000
Hz, it is possible to design either a 6-pole
machine operating between 10,000 and 20,000
rpm or a 4-pole machine operating between
15,000 and 30,000 rpm.

The oil is circulated by an internal
gear pump driven through a gear reducer
from the bottom of the main shaft. Because
of the low atmospheric pressure in the
rotor enclosure, the pump will be operated
at low speed to prevent cavitation at the
pump inlet. At full motor speed, the pump
will operate at approximately 300 rpm. The
pump and gear reducer housing also serves
as the oil sump and reservoir.

Design tradeoff studies were performed
for 4-, 6- and 8-pole machines. The load
point at 145% of base -speed for the flywheel
machine during motoring was taken as a
design point. Results showed that the 6pole machines provided the lightest weight
for this application. In order to assess
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FLYWHEEL WINDAGE AND BEARING LOSSES

POWER CONDITIONER & CONTROL

The outer sides of the machine poles
are shrouded to reduce windage losses.
Windage losses due to the flywheel can be
computed with reasonable accuracy. However,
the windage loss due to the pumping action
of the lobed rotor can only be estimated on
the bases of test results from the previous
machine. For the 6-pole machine, the pressure within the housing will be set at 0.01
atm helium. At this pressure, the direct
flywheel windage loss is predicted to be 38
watts at the maximum rotor speed of 20,000
rpm. This reduces to an average loss of 18
watts over the flywheel duty cycle.
The average windage loss of the lobed
rotor will be approximately 35 watts. When
the average rotor loss (35 watts) is added
to the average flywheel loss (18 watts) the
total average estimated windage loss is 53
watts.
DESIGN STRESSES
The energy stored in the inductor rotor
is approximately 15 watt-hours over the
speed range of 10,000 to 20,000 rpm. An
additional 90 watt hours will be stored in
the flywheel. This flywheel will be a
multidisk shrunk on design made of vacuum
melt AISI 4340 steel. It will operate at
a relatively modest stress level in order
to produce a factor of safety of 2.0 relative to the 10? cycle curve for alternating
stress. .Although a higher stress design
would be possible, it was not considered
worthwhile in this case since doubling the
design stress would only remove approximately 10% of the total package weight from
the flywheel. The flywheel weight reduction would be counteracted by the neod for
a heavier containment ring. The hig;ier
stressed wheel would also be larger diameter and occupy more vehicle space.

POWER CONDITIONER
The power conditioner, which is a load
conunutated inverter/rectifier, is based on
the system provided by General Electric
under the previous Contract (EY-76-C-024010). However, the new unit will be
lighter and smaller than the original load
coounutated inverter (LCI) and will require
only six power thyristors instead of twelve.
Reversal of power flow is provided by a
hybrid reverser (2 diodes and 2 contactors)
rather than a second set of six thyristors.
A block diagram of the entire system is
shown in Fig. 7. The four major components
for the electrical portion of the drive
system (battery, propulsion motor, hybrid
reverser, and load commutated inverter/
rectifier) are shown together with the
electromagnetic contactors that connect the
various components in the several modes in
which the system operates. A contact
closure sequence for each mode is shown in
Table 1. The designation Vj in Table 1 is
the motor rpm corresponding to the condition when the propulsion motor voltage
equals the battery voltage. That speed is
a function of the state of charge of the
battery and does not correspond to a fixed
speed for all driving cycles.
Table 1. Contact Closure Sequence

Mode

1

Contactor
2
3

4

X

Motoring (Stop-V^)

X

Motoring (V^-Top)
Braking (Top-Stop)

X

Recharge at Stop

X

Initial Starting of
Flywheel

X

X

X
X
X

X = contactor closed
Contactor numbers are shown in Fig. 7
Figure 8 shows the power and auxiliary
thyristors of the load commutated inverter/

Commutating
CapKllor
Six

Fig.

Fig. 7. Schematic Diagram of Simulated
Propulsion System
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8.

flower

Thyristora

Two Auxiliary
Thyristors

Load Commutated Inverter/Rectifier
Power and Coiranutating Circuit

rectifier. In this system, power flow is
accomplished by reversing the direction of
the DC voltage while maintaining the current
flew from the thyristors in the same direction. The two auxiliary thyristors and the
single commutating capacitor connected to
the synchronous motor neutral terminal for
starting are similar to that provided in the
previous contract.
This configuration of the power circuit
was chosen in order to provide the capability to recharge the flywheel from the
battery during conditions of either zero
speed operation or full speed operation.
The electrical requirements of the
load commutated inverter (relating to its
DC side) when operating over a simulated
SAE J227a Schedule D driving cycle are given
in Figs. 9, 10, and 11. Positive.current
indicates power flow from the flywheel to
the propulsion motor. Negative current
indicates power flow from the propulsion
motor, acting as a generator during braking,
to the flywheel or from the battery to the
flywheel. During the condition in which
the battery is supplying power to the propulsion motor or to the flywheel motor, the
voltage can be in the range of 75 to 108
volts depending on the state of battery
charge. Figs. 9 and 11 provide the information necessary to select the power semiconductors for the inverter/rectifier and
their cooling requirements when repetitively
operating over the simulated driving cycle.
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each major component and measure the energy
storage efficiency of the flywheel energy
storage package so as to determine the
energy improvement to the electric vehicle.

250 A

The control system will consist of an
inverter current regulator with an internal
feedback loop using motor operating angle
to maintain synchronism of the inverter to
the motor.
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In addition to the primary control
system, two field current controls are
required. One is for the flywheel motor,
which will simply vary the flywheel motor
field current as a fixed function of inverter DC link current, flywheel speed, and
DC link voltage.

Time —•-
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-300
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9.

Inverter DC Link Current vs Time

The second is for the traction motor
field which will remain fixed at low vehicle
speeds but must be varied at high speeds to
regulate the armature current during the
period of time that the battery supplies
all the power to the propulsion motor.

CONTROL
The system control is required to
regulate the operation of both the energy
storage flywheel system and the vehicle
traction motor. A number of variables in
the power circuit will be sensed to accomplish this. In addition, it is desirable
to establish the operating efficiency of

The major part of the system control
will be implemented using the laboratory
hybrid controller. It allows for easily
made changes in control system configura-
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tions and parameters as the test program
develops.
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ABSTRACT
The current Applied Physics Laboratory/Department of Energy Program
involves the demonstration of a very low cost flywheel ($50/kwh) in a
complete energy storage system. The program also includes the development and evaluation of low loss, long life bearing systems. The energy
storage system, operating at 115 VAC, has a capability of storing one
kilowatt-hour of energy and of accepting or delivering this energy at an
average rate of two (2) kilowatts power level. A final output of the
program is the extrapolation of the flywheel design to a full size unit
with a storage capability of 10 to 100 kwh. In addition to meeting the
program objectives, this program has resulted in the following notable
achievements in related flywheel technology:
- A flywheel configuration has been demonstrated which allows
the exploitation of a wide variety of applicable low cost
materials in a very inexpensive fabrication process.
- A flywheel suspension system has been developed which reduces
bearing loads by more than 90%, thus permitting the use of
smaller bearings at lighter loads and longer projected life.
Resulting bearing performance approaches that of a three
plane magnetic suspension—without the disadvantages of the
magnetic system.
- Several novel bearing systems were evaluated which have
exhibited further reduced losses while having an order of
magnitude longer predicted life.
- A number of novel low cost flywheel materials were evaluated
which promise future flywheels having even lower cost.
INTRODUCTION

kilowatt hour).

The Applied Physics Laboratory.
The Johns hopkins University (APL)
is currently engaged in a 15-month
program with the Department of
Energy (DOE) which has as its
primary objective the feasibility
demonstration of a flywheel energy
storage system utilizing a very
low cost flywheel. The principal
objectives of this program are as
follows:

3. Demonstrate the flywheel
in a complete home type energy
storage system having one kilowatt hour storage at a rate of
approximately two kilowatts power.

1. Demonstrate a flywheel
capable of storing one kilowatt
hour at a cost of less than 20
watt hours per dollar ($50 per

5. Provide design projections into energy storage systems
of interest to DOE (e.g. 10 kilo-

2. Evaluate the characteristics of this low cost flywheel.

4. Develop and evaluate long
life low drag bearing systems for
use in flywheel systems.

watt hour, etc.).

a considerable amount of matrix
weight.

6. Investigate and evaluate
potential low cost flywheel
materials.
In addition to the final
report on this program covering
the foregoing subjects, the
principal product of the program
will be a complete energy storage
system operating at 115 volts
input capable of receiving one
kilowatt hour of energy, storing
this energy for an unspecified
period of time, and delivering
this energy to a load at 115 volts
AC. This energy storage system
will demonstrate the general
feasibility of nighttime energy
storage in an individual home.
FLYWHEEL DEVELOPMENT
The Applied Physics Laboratory
has been engaged for a number of
years in the development of flywheel configurations which not
only permit optimal use of the
filamentary materials but will
permit their use in configurations
having an absolute minimum fabrication cost. A detailed description of the APL bare filament flywheel configuration is contained
in the referenced report,1 where
it was concluded that the bare
filament configuration offers the
highest possible energy per unit
weight, energy per unit volume,
and energy per unit cost of any
known flywheel configuration.
The principal reason for this is
that the performance of any wound
flywheel is a function of the
strength to weight ratio of the
material used in its construction.
The typical wound multi-ring flywheel construction involves a
filamentary high strength material
in a polymer matrix, with the
ratio of filament to polymer
seldom exceeding 70%. In the APL
configuration, on the other hand,
the ratio of high strength filaments to polymer matrix is generally of the order of-98 to 99
percent. Thus, the performance
of the APL flywheel can be a
function of the strength to weight
of the high strength filament
itself, without the detraction of
45

The hundreds of flywheel and
material spin tests which followed
the original bare filament flywheel concept have demonstrated
that there are a number of additional advantages to the APL bare
filament flywheel configuration.
The problems of expansion and contraction of the wound filaments
as the flywheel rotational speed
is increased or decreased are
reduced to an absolute minimum.
In the bare filament configuration
the bulk of the wound filaments
are free to expand and contract
without interfering with one
another or transferring loads to
one another. This expansion and
contraction is apparently done
very evenly, in view of the extremely large number of filaments
involved. A further advantage
arising from the relatively independent action of the individual
filaments is the fact that it is
theoretically impossible to have
a simultaneous failure of all of
the filaments in the flywheel.
A catastrophic failure of the bare
filament wound flywheel has never
been experienced in any of the APL
spin tests to date. In contrast,
the typical failure pattern is
that the outer fibers will fail,
leaving the inner fibers comprising the major portion of the flywheel assembly, intact. It has
also been demonstrated that the
failure of the outer wound bare
filament fibers in the APL flywheel does not necessarily mean
that the flywheel will go out of
balance and be destroyed. On
several occasions a relatively
large proportion of the fibers
was destroyed, but the rest of
the flywheel remained intact, and
was brought satisfactorily to
rest without further damage. On
numerous occasions the flywheel
hub assembly was reused two,
three, or even four times following a flywheel spin test to
destruction.
It would appear, in view of
the foregoing, that the APL bare
filament configuration, in addition to its performance potential

offers exceptional safety characteristics compared with other
types.
MATERIALS EVALUATION
Of all the materials investigated for use in the subject program, three were selected as having
the appropriate characteristics in
terms of performance, cost, fabrication simplicity, availability
and safe failure mode. Although
the three materials selected
appear to have satisfactory characteristics in all of these areas,
they represent respectively very
different material configurations.
The vinyl impregnated fiberglass
strand material, hereafter referred to as vinyl-glass, actually is
a bundle of as many as 1000 fibers
each having a diameter of .0003
inch. The presence of the vinyl
in this configuration serves to
prevent abrasion among the filaments, and also, to some degree,
excludes water vapor from the
glass filaments. In its optimum
configuration the vinyl-glass
would be processed immediately
after drawing the molten glass
from the platinum crucible, even
before the glass strand has
received any aqueous lubricant,
which normally protects it as it
is routed over numerous pulleys
in the manufacturing process.
In the flywheel application
the vinyl impregnated glass
appears to have a considerably
higher usable strength than ordinary uncoated fiberglass, and this
leads to higher flywheel performance and/or lower flywheel cost.
Usable strengths of the order of
50% of the ultimate tensile
strength are believed to be possible with this material configuration.

serve as a lubricant in the fabrication and processing operations.
Although the hose wire is marginal
in energy to cost potential, it
was nevertheless selected as the
primary material in the APL program, in view of the fact that its
strength and cost characteristics
are easily determined, whereas the
corresponding characteristics of
the other materials considered
involve a considerable amount of
theoretical projections.
The third material selected
for the bare filament flywheel
configuration is Metglas®. Generically. Metglas has been termed
as a metallic alloy with glasslike properties. The properties
of most interest to the flywheel
application, however, are the fact
that the Metglas can be made to
have a high strength to weight
ratio at a relatively low projected
cost. It also offers the prospect
of providing these capabilities
in a configuration which also
qualifies on the issue of safety
in the failure mode. The Metglas
used in the program to date has
been a one-half inch wide ribbon
having a thickness of .002 inch.
This ribbon form gives the Metglas
a distinct advantage over the
other two materials mentioned, in
that the winding time to fabricate
a flywheel of a given size can be
as much as a hundred times less
than the corresponding winding
times of the other materials.
Eventually this could have a considerable effect on the fabricated
cost of the flywheel in question.
VINYL-GLASS FLYWHEEL
The vinyl-glass used in the
subject program was provided at
no cost to the program by PPG
Industries, Inc., Glass Research
Center, Pittsburgh, Pennsylvania.
The material used up until the
present time is 50% vinyl and 50%
glass, primarily because this
material in that form was available from other current applications. PPG has indicated, however,
that it will be a relatively
simple matter to produce this
material in a configuration consisting of 10% vinyl and 90% glass

The second material which
qualified for the low cost flywheel bare filament configuration
is steel wire, such as that used
in pneumatic and hydraulic hose
reinforcement. This wire, called
hose wire, has a diameter of .012
to .015 inch, and is usually
plated with a very thin costing of
brass to protect the wire and to
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especially for the flywheel application, and this material is
expected to be made available
later in the current program.
A typical vinyl-glass test
flywheel is illustrated in Fig. 1.

process, it may result in effective
partial bonding of these strands
in the flywheel, which is an undesirable feature of this flywheel
configuration. This effect will
be evaluated in more detail in the
balance of the current program.
METGLAS FLYWHEEL
The typical Metglas test flywheel is illustrated in Fig. 2

Fig. 1

Vinyl-glass flywheel.

Here it can be seen that the
vinyl-glass is wound in a very
dense pattern, and gives the
appearance of being bonded
throughout. Actually the only
areas of polymer bonding are at
the four narrow band radial wrap
positions, and everywhere else on
the flywheel the vinyl-glass
strands are in the so-called bare
filament condition. The vinylglass appears to be an extremely
tough material. On at least one
occasion the flywheel has been
re-spin-tested with only minor
repairs, after having been inadvertently dropped to the bottom
of the spin chamber at 20,000 rpm,
and was bounced around inside the
chamber for several minutes.

Fig. 2

Metglas flywheel.

The Metglas provides an extremely
dense, clean and attractive wound
configuration, where the Metglas
occupies essentially 100% of the
wound structure. This is in contrast to the fiber and wire configurations, where the material
occupies only about 80% of the
wound structure.

One characteristic of the
vinyl-glass which represents a
distinct advantage during the
winding and handling processes,
may actually turn out to be a
disadvantage in the final analysis.
This property is the "tackiness"
of the vinyl-glass strand as one
turn is laid on top of another in
the winding process. While this
condition greatly facilitates the
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The Metglas is a proprietary
material in experimental production
at the Allied Chemical Corporation
of Morristown, N. J. All of the
Metglas used in the current program was provided at no cost to
the program by Allied Chemical.
The material provided to the
present time is a ferrous alloy
whose general strength characteristics correspond to an equivalent
steel. The mcnufacturing process
involves extremely rapid chilling
of the molten material at a rate
of approximately two million
degrees centigrade per second.
The result is a smooth metallic
ribbon which has surprisingly

uniform dimensions and physical
characteristics. The configuration of the Metglas currently
being processed into flywheels is
called the "As-Cast" condition.
In this condition the Metglas
apparently has microscopic cracks
along the edges, which prevent
achievement of the ultimate physical characteristics of this
material. A process has been
developed at Allied Chemical
wherein these microscopic cracks
are removed without appreciably
adding to the production cost of
the material. Following this
process the Metglas ribbon is
expected to have usable strengths
of the order of 60% higher than
the usable strengths in the."AsCast" material received to date.
Nevertheless, the experience
gained in processing and spin
testing flywheels of the "As-Cast"
Metglas material has been
extremely valuable, and has
allowed the development of fabrication techniques which will apply
to the ultimate Metglas material.
STEEL WIRE FLYWHEEL
The typical steel wire flywheel is illustrated in Fig. 3

Fig. 3

Steel wire flywheel.

The wire is helically wound on to
the flywheel hub in a manner similar to that used for the vinyl
glass flywheel described in the
foregoing. The steel wire used
in the current flywheel testing
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at the Applied Physics Laboratory
was received at no cost to the
program from two separate sources.
The first source is the Central
Special Studies Group of Industrie
Pirelli S.p.A. in Milan, Italy.
The second source is the National
Standards Company in Niles,
Michigan, U.S.A.
The fabrication of the steel
wire bare filament flywheel has
involved the development of special
techniques to accommodate the
peculiar characteristics of this
steel wire. Early attempts to
wind the bare filament steel flywheels were unsuccessful because
of these characteristics; however,
the problems have be*~>n resolved,
and successful configurations are
now a standard achievement. Three
principal problems were as follows.
First, a satisfactory wire termination scheme had to be developed
which would allow the termination
of the final end of the wire on
the inside of the flywheel, in
order to permit the maximum utilization of the tensile strength of
the wire. The method developed
was to pre-machine a helical slot
occupying one quarter of a revolution around the periphery of the
flywheel hub. Thereafter, upon
completion of the winding of the
steel wire, a final revolution was
hand wound to the center of the
wound structure, whereupon the end
of the wire was fed through the
pre-machined slot and bonded
securely. This method has proven
to be quite satisfactory, and, in
fact, was later adapted for use in
the vinyl-glass flywheel described
above. The othex* two problems
concerned the "slickness" and wirecast conditions. It was found that
these two problems working together
resulted in a wound flywheel
structure which was statically
unstable, when removed from the
winding mandrel. After a series
of experiments, and careful consultation with the National
Standards Company, appropriate
wound geometries and processes
were established which eliminated
this problem.

FULL SIZE FLYWHEEL
The characteristics of the
full size flywheel to be used in
the final energy storage demonstration system are illustrated in
Fig. 4.
Tapered hub plates
Fiberglass caps

Flat section is 1.5%
\Subcircular = 9.6 in. radius
Hub nominal
radius = 9.81 in.

Radial wrap
over these

Wet wind
Steel wire
(2.25 x 2.25 in.)
Fig. 4

.-*JuTr
.75 in.-*J'
1? in _ I J

Full size one kWh rotor.

The material selected for the
hub was the most effective studied
in terms of structural capabilities, damping qualities, minimum
fabrication cost, and minimum
material cost. Ic. this case the
material is multi-ply Baltic
Birch plywood. Although this
material typically has plugs and
occasional voids internally, it
has proven to be a very consistent
material, probably because of the
fact that in the total hub structure, there are 27 plys of material.
In fabrication a rigid compression
ring is formed of the winding
material itself. The steel wire
is wet wound for the first one
quarter inch radial dimension,
which forms a stiff ring bonded
to the plywood hub material
throughout its periphery. Thereafter, the winding is continued
without resin except for the very
thin radial bands in the four
radial wrap positions.
Although the steel hose wire
was selected as the primary
material for this full scale flywheel, it will be of interest to
compare the properties of this
flywheel with those of similar
ones made of vinyl-glass and
polished Metglas. This comparison
is made in Table 1.

The physical dimensions of this
flywheel are those required to
satisfy the rotational speed
requirements of the motor generator and control system. In this
case a maximum rotational speed
of 14,400 with a four to one
speed ratio resulted in a minimum
rotational speed of 3600 rpm.
Then, knowing the maximum design
peripheral velocity of the
desired flywheel material, it
was a straightforward calculation
to determine outside diameter of
the flywheel. In this case,
using the steel wire as the flywheel wound material, the outside
diameter was 24 inches, and the
cross section dimensions of the
flywheel are simply determined
from the amount of weight in the
wound flywheel necessary to permit
the storage of one kilowatt hour
of energy at the maximum rotational
speed. Actually, the total amount
of energy in the flywheel at this
condition is approximately 1100
watt hours, in order to permit the
storage of one kilowatt hour at a
four to one speed ratio.

Table 1
Low cost flywheel materials comparison.

Tensile strength
Intrinsic energy
density - Wh/lb
Usable energy
density - Wh/lb
Assumed material
cost — c/lb
Material performance
Wh/$
Winding weight —
Ibs-for 1 kWh
Relative volume
Relative winding time

10/90
vinyl-glass

Polished
metglass
0.02" x 0.5"

Steel hose
wire

264.000
40.8

450,000
25.2

368,000
20.4

17.8

15.8

12.7

50

50

60

35.6

31.6

21.2

60

67

84

0.67
.02

1
1

2.1
2.1

Considering first the steel wire
flywheel, the relatively low
usable energy density and resulting high winding weight are
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relatively inconsequential for the
stated application. Of particular
importance, however, is the fact
that the material performance is
somewhat marginal at 21.2 watt
hours per dollar, indicating that
the steel wire flywheel cost may
be somewhat higher than desired.
The relative volume and relative winding time are arbitrarily
•set at unity for the steel wire
flywheel, in order to best compare
this with the other types. The
relative winding time is a second
order indication of total cost of
the flywheel.
The vinyl glass bare filament
flywheel, on the other hand, has
about 40% more energy density and
nearly a 70% advantage in material
performance cost. However, both
of these items are based upon the
assumption that the vinyl-glass
configuration will permit utilization of 50% of the ultimate tensile
strength, compared with 70% in the
case of the steel wire. While
this may be a perfectly valid
assumption, based on the preliminary testing to date, a considerable amount of additional testing
will be required in order to confirm this assumption. It can be
seen that the vinyl-glass flywheel
occupies more than twice the
wound volume of the steel wire
flywheel, and it is largely
because of this that the relative
winding time is also greater than
in the case of the steel wire.
The polished Metglas flywheel
appears to combine the best
advantages of the other two, with
some additional advantages of its
own. Usable energy density is
somewhat comparable to that of
the vinyl-glass flywheel, as is
the material performance cost.
But this latter factor is dependent upon a very important
assumption that the projected
cost of the Metglas material will
be $.50 per pound, which is two
orders of magnitude lower cost
than it is at the present time.

than the steel wire flywheel.
However, because this material is
used in a relatively wide tape
form rather than wire form, its
relative winding time is approximately one fiftieth of the winding time of the steel wire and
l/100th of the winding time of
the vinyl-glass. This could be
an important factor in favor of
the Metglas flywheel over the
other types, inasmuch as the
winding time is a significant
cost factor in the flywheel fabrication. It should also be pointed
out that the Metglas can apparently be made available in one
inch widths, as opposed to the
one-half inch widths currently
being used, which should result
in further reductions in fabrication cost.
FLYWHEEL BEARING AND
SUSPENSION DEVELOPMENT
The design of the flywheel
bearing system and suspension
system are inextricably tied
together. In the case of the APL
system an attempt has been made
to minimize the axial and radial
loads on the bearings, and thereby
permit the use of much smaller
bearings at a much lower than
normal load rating. Also the
bearings themselves, have received
considerable attention, and
designs have been developed which
appear to offer somewhat lower
drag but an order of magnitude
longer projected lifetime. These
bearings together with the APL
suspension system are described
in the following.
BEARING TEST EQUIPMENT
The test rig illustrated in
Fig. 5 was used to evaluate the
various bearing configurations
being considered.

Because of its very high
usable strength, the Metglas flywheel occupies 50% less volume
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SERIES BEARING CONFIGURATION
Figure 7 illustrates the
APL series bearing concept which
is, in effect, one bearing rotating inside of another bearing,
with the resulting rotational
speed of each being reduced by 50%.
Stationary housing
Identical high
speed bearings

Fig. 5

Fig. 7

Bearing test equipment.

The losses were determined by
respective measurements of bearing
torques using the sensitive torque
watch device illustrated in Fig. 6.

Fig. 6

Series bearing concept.

The test assembly of this concept
is illustrated in Fig. 8, where it
can be seen that the bearings are
compactly arranged so as to be
axially adjacent rather than
radially adjacent.

Torque watch for measuring bearing.

This device has an apparent
accuracy of 1/100th of an ounce
inch. The bearing test equipment
is so arranged that tests can be
conducted either at atmospheric
pressure or under vacuum conditions.

Fig. 8

Series bearing test unit.

In addition to providing an order
of magnitude increase in projected
lifetime by virtue of the greatly
reduced rotational speeds, this
bearing arrangement also provides
improved reliability (since it is
unlikely that both bearings would
fail simultaneously), and reduced
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bearing losses.

140

The use of the series bearing
configuration in the APL flywheel
energy storage system results in
such a low rotational speed on the
bearings, that more exotic schemes
such as the Draper Retainerless
Bearing Concept, are not believed
to be required.
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MAGNETIC SUPPORT SYSTEM
Since the flywheel spin axis
in the APL energy storage system
is in the vertical plane, it is
practical to consider relieving
the gravity loads from the flywheel and motor generator with a
passive magnet system. For
example, if the rotating machinery
weight were 85 pounds, and a
magnetic support system were
utilized having a capability of
8C pounds then the actual load
from gravity on the bearings would
be only 5 pounds. In other words,
the load on the bearing would be
the same order of magnitude as
the desired preload on the bearings.
The overall size of the rotating
mass is such that a permanent magnet
system could be considered, and
such a system is illustrated in
Fig. 9. Its magnetic force
properties are illustrated in
Fig. 10.

Fig. 9

Magnetic support component
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Magnet — Barium ferrite no. 5
O.D. = 3.950"
I.D. = 1.292"
Thickness = 0.425"
Steel shell = 4.683" O.D.
-Nominal design range
= 80 ± 5 Ib

li20
llOO
I 80I 60-

Fig. 10

2

4 6 8 10 12 14 16 18
GAP—thousandths of an inch

Performance of magnetic support system.

The magnetic attractive mode was
selected for the system rather
than the repulsive mode for a
number of reasons. First, in the
attractive mode the magnet is
stable in two planes and unstable
in only one plane (the axial
plane). On the other hand in the
repulsive mode the magnet system
is stable in one plane (axial)
and unstable in the other two.
But perhaps even more important
is the fact that in the repulsive
mode the optimum system would
require two magnets; whereas only
one magnet is required in the
attractive mode. The effect on
magnetic system cost is obvious.
The Jobmaster Corporation in
Randallstown, Md., who designed
and built the APL magnetic support
system, conducted an in depth
study of the advantages and disadvantages of the rare earth
magnets versus the simple ceramic
ferrite magnets. These studies
indicated conclusively that the
ferrite magnet by far offers outstanding performance per unit cost.
It has been projected that the
magnetic support system illustrated in Fig. 9 and having the performance approximately the same
as Fig. 10 would, in mass production, cost approximately 75£.
Thus, the addition of the magnetic
support system to the low cost
stationary energy storage system
flywheel represented an insignificant increase compared with the
advantages gained.

SUSPENSION SYSTEM DEVELOPMENT
The basic
the stationary
storage system
illustrated in

APL concept for
flywheel energy
suspension is
the Fig. 11 sketch.

Drive
motor

"^-Energy absorbing
elastomer

one which is being used in the
current APL system, is the bonded
hub arrangement, where the flywheel hub structure is bonded to
the metal hub assembly with a thin
rubber slab located in between, in
order to permit accommodation <.-*
differential expansion, and also to
provide damping.
A number of schemes have been
tested to provide driver damping.
One successful driver damping
arrangement is illustrated in
Fig. 12, and this is the arrangement currently used in the APL
spin test facility.

Relatively
stiff shaft
Flywheel

Energy absorbing
elastomer
Fig. 11

Flywheel suspension system concept.

The principal advantage of this
flexible shaft suspension system
is that the radial loads (or
imbalance loads) on the flywheel
bearings are reduced to an
absolute minimum, and actually
are virtually eliminated. A
secondary advantage of this
arrangement is that the system
ae.ommodates a relatively large
amount of imbalance without transmitting imbalance loads to the
bearings.
SYSTEM DISCUSSION
Two types of damping are
employed in the APL flywheel
suspension system. There is hub
damping of the motion between the
flywheel plane and the spin axis,
and there is driver damping which
damps motion between the overall
sprung system and the support
structure. Hub damping has been
applied in the previous APL subsystems by means of a rubber
coupling between the flywheel and
the flywheel shaft. In the past
such a coupling has been in the
form of a typical Lord Corporation
shock mount located at the flywheel hub, in order to permit
gimballing, as well as isolation
of the flywheel from the rotating
system. A second type, and the
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Fig. 12

Demonstration system suspension system.

Here the turbine drive assembly
is isolated from the support
structure through a solid rubber
coupling, which allows considerable motion between the turbine
and the support structure, while
at the same time providing the
necessary damping between these
structures. A functionally
similar arrangement is that employed in the full-size energy
storage system as a part of the
current program. Here the entire
flywheel container assembly is
mounted on suitable shock mounts
to provide the same effect as the
driver damping.
These flywheel suspension
arrangements coupled with an
appropriately designed flexible
shaft having critical speeds far

in excess of those expected to be
encountered, permitted relatively
smooth flywheel operation throughout the design rotational speed
range.

15,000 rpm. Its design is based
upon an off-the-shelf unit having
moderately high performance.

ENERGY STORAGE SYSTEM DESIGN
Two complete energy storage
systems will be fabricated in the
current program. The first of
these systems will be the so-called
"battleship model" made with
ruggedized components for the
purpose of evaluating the electrical and thermal problems in
advance of the final system component availability. The principal components of this energy
storage system are illustrated in
Fig. 13.

The control system receives
115 volt, one phase, 60 hertz
input power, rectifies it to a
controlled level DC voltage, and
inverts it to controlled frequency
three phase AC voltage. The control system is arranged to provide
constant current per phase, so
that the motor produces a constant
torque up to the point where the
line voltage reaches 230 VAC at
120 Hertz. At this point the
motor is producing in excess of
four HP. Over the entire rotational speed range, the average
power input and output is of the
order of two kilowatts.
The control system has been
designed to accept the energy from
a 115 VAC source, transfer this
energy into the flywheel, allow
storage of the energy in the flywheel for an unspecified period,
and finally to transfer the energy
from the flywheel into a 115 VAC
electrical load.
REFERENCE
1
D . W. Rabenhorst and T. R.
Small, "Composite Flywheel Development Program: Final Report"
APL/JHU Report No. SDO-4616A dated
April 1977.

Fig. 13

Energy storage demonstration system.

The flywheel in this system is a
laminated aluminum disk which,
while storing only about half of
the final flywheel assembly,
nevertheless operates at essentially the same rotational speed
range as the final flywheel system.
The motor generator and control
system are essentially the same
as those which will be used in
the final system, and this equipment will be used to evaluate the
overall characteristics of this
motor generator and control system.
The rotating machine is a squirrel
cage induction motor designed to
operate between 3600 and about
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MATERIALS PROGRAM FOR FIBER COMPOSITE FLYWHEELS*
J. A. Rinde
Lawrence Livermore Laboratory, University of California
Livermore, California
94550

ABSTRACT
Our fiber composite materials program for flywheels is divided into the following
areas: matrix resins, static engineering properties, stress rupture (lifetime tests
at constant load), and dynamic fatigue. During the past year, we characterized a
rubberized eposcy resin thtL offers improved fracture toughness and suitable performance at moderately elevated temperatures (up to 70°C). We also evaluated six epoxy
resins for service at 150°C. In addition, the rubberized epoxy resin was used as a
matrix in Revlar 49 composites and engineering design data were generated. We initiated stress rupture tests on E-glass composites at load levels of 60 to 85% of shortterm strength; these tests will continue for several years. We also began dynamic
fatigue tests on Kevlar 49 composites in the tension-tension mode. In addition, fatigue tests on a Kevlar 49 composite ring specimen at 50 to 75% ultimate strength are
in progress. We anticipate that these data will provide a direct estimate of flywheel
performance.

DJTRODOCTION

Revlar 49 and E-glass composites.
During the past year, we concentrated our
efforts specifically on new matrix resins, E-glass composite stress rupture,
engineering properties of a composite
made with a rubberized resin, and composite fatigue lifetime. Each of these
areas is discussed below.

The fiber composites materials program at LLL was begun in 1975 with the
primary goal of providing meaningful and
reliable engineering design data on composite materials specifically intended
for flywheel rotors. The two main criteria for material selection for this flywheel program are high performance and
low to reasonable cost. Because the
high-performance composites used by the
aerospace industry are very costly, we
could not consider these materials, even
though thorough design data exist.

MATRIX RESINS*
We studied two types of epoxy resins this year, a rubberized resin with
improved fracture toughness, and high
temperature resins for service at 150°C.
Complete details of our work are given in
Refs. 1 and 2.

Therefore, since 1975, we have:
• Generated engineering design data for
Kevlar 49, S2-glass, and E-glass composi tes.
• Spin tested thin-rim flywheel rotors of
Kevlar and glass fiber composites and
correlated the results with the fibers'
static strength properties.
• Developed and engineered new fiber composite flywheel design—a quasi-isotropic, laminated, solid disk rotor with a
tapered profile.
• Characterized flexible and rubberized
matrix resins
• Investigated the transverse tensile
properties as a function of matrix resin
modulus for a series of S2-glass composites.
• Conducted stress rupture tc~ts on

RUBBERIZED EPOXY 3ESIN
A rubberized epoxy resin is a normal epoxy resin that has been modified by
the incorporation of a soluble carboxyterminated butadiene acrylonitrile (CTBN)
rubber. During the curing process, the
CTBN rubber is forced out of solution to
form a second phase of l-to-10-um diameter rubber particles. These particles
modify the fracture process of the resin
and provide improved fracture toughness.
In our work we formulated a resin system
Six table for wet filament winding, conducted fracture tests to demonstrate the
•Principal Investigator, J. A. Rinde.

*This work was performed under bhe auspices of the 0. S. Department of Energy by
Lawrence Livermore Laboratory under contract No. W-7405-Eng-48.
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the resin systems on five criteria: (1)
low viscosity (1.0 P a s at 25°C), (2)
long gel time (220 h for a 30-g mass at
25°C), (3) high glass transition temperature (Tg 2 180°C), (4) high tensile strength with nigh modulus, and (5)
good retention of mechanical properties
upon accelerated aging (7 days at 175°C).
Two of the resin formulations (1 and 2)
have tensile strengths above 85 MPa and
glass transition temperatures above 205°C
in both and as-cured and aged conditions.
The resin systems formulated and some of
their key characteristics are presented
in Table 2.

resin's improved fracture toughness and
then characterized the mechanical and
physical properties of the resin.
Table 1 summarized the properties of
this resin system. The epoxy resin
XD 7575.03 (Dow Chemical) contains 10%
CTBN rubber. This rubberized resin system offers the advantages of low viscosity and long gel time for easy processing
as well as a moderately high tensile
strength of 76 MPa. However, since we
completed this work, both the XD 7575.03
and XD 7714 (Dow Chemical) have been
withdrawn from the commercial market.
An equivalent product for the XD 7575.03
can be obtained by using 23% Kelpoxy
G-293 (Spencer Kellog Division of
Textron) plus 77% DER 332; XD 7114 can
be replaced by Wilmington Chemicals
Helox 68.

All resin systems were cured for 3 h
at 70°C plus 2 h at 120°C plus 2 h at
180°C to achieve a high T g and to cure
the resin at a temperature above the intended-use temperature of 150°C. With
the exception of the resin systems cured
with APCO 2347 (modified imidazol), these
cure conditions produced a T g greater
than 185°C. Both the APCO 2347 systems
(resins 5 and 6) exhibited additional
curing upon heat aging.

RESINS FOR HIGH-TEMPERATURE SERVICE
We have formulated and evaluated six
epoxy resin systems suitable for wet filament winding of high-performance flywheels. We determined their processing
characteristics as well as their mechanical properties. Specifically, we judged

Table 1.

The six resin formulations were subjected to two mechanical-properties tests

Properties of a rubberized epoxy resin system.

Components
Resin: Dow XD 7575.03
Diluent: Dow XD 7114
Curing agent: Tonox 60-40
Cure cycle,h/°C
Viscosity at 25°C,
Pa*s
Gel time for 30-g mass
at 25°C, h
Cured density at 25°C,
Mg/m3
Water absorption (ASTM
D-570-63), % gain/h
Glass transition temperature,
°C
Thermal coefficient of linear
expansion from 298 to
377 K, in./in./°C
IZOD impact (ASTM D-256-73),
J/m:
Method A
Method E
Flexural Strength at 5% strain,
MPa
Tangent modulus, GPa

Parts by weignt

100
65
33.9

1.5/90
+ 2/130
0.95

Tensile properties:
Stress at maximum, MPa

76.1

29.3

Stress at failure, MPa

72.5

1.19

Strain at maximum, %

5.7

Strain at failure, %
Modulus, GPa

8.4

2.02/8,
3.13/24

2.43

Compressive properties:
104

,
Maximum strength, MPa

71 x 10" 6

Strain at maximum strength, %
Secant modulus, GPa
Torsional properties:
Maximum shear stress, MPa
Strain at maximum stress, %

47.7
645.4
106.4
2.85

Tangent modulus, GPa
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88.7
5.7
2.9

54.9
16.4
1.59

Table 2.

Performance of the six epoxy resin systems formulated for elevatedtemperature service.

Resin
system

Resin
components

Viscosity,

Gel
time,

No.

(parts by weight)

Pa-s

h

1.05

21.1

Ciba 0510/RD-2/APCO 2330
(100/20/43.1): Cureda
Aged b
Ciba 0510/Tonox 60-40
(100/49.8): Cured
Aged
APCO 2447/ERL 4206/
Tonox 60-40 (100/20/
39.9): Cured
Aged
Ciba 0510/DEN 438/RD-2/
Tonox 60-40 (75/25/25/
49.9): Cured
Aged
Ciba 0510/DEN 438/RD-2/
APCO 2347 (75/25/20/
12.2): Cured
Aged
DER 332/RD-2/APCO 2347
(100/15/9.5): Cured
Aged
a
b

1.33

Tensile Properties
Modulus, Stress, Strain,
GPa
%
MPa

Tg,°C

5.4
4.8

89.5
84.7

2.0
2.0

205
220

4.1
4.1

86.8
73.4

3.2
2.2

210
226

3.9
3.9

83.5
71.4

2.4
2.0

190
215

4.0
4.2

81.0
78.5

2.5
2.8

185
213

3.1
3.4

74.8
73.2

3.7
2.8

115
170

2.8
2.6

59.8
53.7

2.7
2.5

115
145

25.1

1.08

38.6

1.48

19.6

0.88

34.4

0.90

48.5

3 h at 70°C plus 2 h at 120°C plus 2 h at 180°C.
7 d at 175°C.

and to a thermal gravimetric analysis in
both the as-cured and aged conditions.
Resin samples were aged in a constanttemperature, forced-air oven at 175°C
for 7 days. In general, aging caused
the samples to darken and become brittle. The results of these tests are
summarized in Table 2.

5

The tests reveal that resin system
1, cured with APCO 2330, meets our process
sing requirements of low viscosity and
long gel time, and has the highest tensile strength and modulus, the second
smallest loss in tensile strength upon
heat aging, and the second highest T g
in both the as-cured and aged conditions.
Resin system 3 also meets the processing
requirements, but has a lower T g , a
lower tensile strength, and a larger
reduction in strength upon heat aging
than resin 1.

300
Temperature, °C
Pig. 1.
Dynamic shear modulus for the
six epoxy resin systems formulated
for high-temperature service (tested
at 0.1 Hz). All resin were cured
for 3 h at 70°C plus 2 h at 120°C
plus 2 h at 180°C. Resin 1 is
Ciba 0510/RD-2/APCO 2330, resin 2
is Ciba 0510/Tonox 60-40, resin 3
is APCO 2447/ERL 4206/Tonox 60-40,
resin 4 is Ciba 0510/OEH 438/RD-2/
Tonox 60-40, resin 5 is Ciba 0510/
DEN 438/RD-2/APCO 2347, and resin 6
is DER 332/RD-2/APCO 2347.

We conducted dynamic shear modulus
measurements as a function of temperature; the results for all six resin
systems in the as-cured condition are
shown in Fig. 1. We used these measure-
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flywheel operating under various stresses
associated with the input, storage, and
output of energy. We use. the results of
stress rupture tests at constant load
levels as the baseline benchmarks. Such
tests are required because even a nominal
variation (typically less than 5%) in
static strength can lead to a large
scatter in stress rupture life, often in
excess of 100% (see Fig. 3 ) . Therefore,
to provide the necessary statistical
parameters for the reliable design of
composite components, large data samples
from long-term testing are being accumulated in testing facilities designed for
simultaneous testing of dozens of
samples. Figure 4 illustrates the type
of data being generated. From such
curves, we can determine the amount of
stress-level derating that is required
to obtain the desired degree of reliability in the component's operating
lifetime.

ii
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—
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200°C ~
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,275°C
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•
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1

80

i

100

Time, min
Fig. 2.
Isothermal weight loss at
various temperatures in air by thermogravimetric analysis for resin
system 1, Ciba 0510/RD-2 APCO 2330.

ments to determine the T g of the cured
resins as well as to show the variation
of modulus with temperature and to provide a measure of cross-link density.
From these results, we conclude that resins 1, 2, 3, and 4 would perform well at
150°C in short-term application.

We are conducting the first stress
rupture tests on E-glass/epoxy; E-glass
is a low-cost, large-bundle fiber of interest for flywheel applications. For
these tests, the glass yarn was inpregnated with resin (Dow DER 332/Jeffamine
T-403) on a filament-winder and the resultant composite strands were given a
mild heat cure. Strands were cut to
length, fixed with end tabs, and loaded
in the test apparatus at 60 to 85% of
their average ultimate failure strength.
In Fig. 4, the stress rupture results are
plotted as precent load vs log time.
Curves for Kevlar 49/epoxy and S-glass/
epoxy composites also are included for
comparison.

The effect of heat aging these resins is exhibited by the change in Tg
and tensile properties (see Table 2 ) . In
all cases, the Tg increases with aging
but the tensile strength and failure
strain decrease with aging.
Figure 2 presents the isothermal
weight loss curves for resin system 1 at
temperatures from 150 to 275°C as
determined by thermogravimetric analysis. At 150°C, resin 1 is thermally
stable after an initial weight loss of
about 2%. Above about 200°C, the
sample exhibits an accelerating rate of
decomposition as a function of the increase in temperature. Therefore, we
expect that flywheels using this resin
system would have a lifetime of several
years at 150°C and be able to withstand shorter exposures (~30 min) to
temperatures up to 200°C (Tg = 205°C).

•at 5 5 0

1

rrcv<

.

•

.

i

500
450

STRESS RUPTURE*

400
0 100

We are also characterizing the timedependent strength of several candidate
fiber composites being considered for
flywheels. These data are needed to predict the probability of failure for a

y

cv >iro%\
1

1

1

500

1

Xl.

1000

Time to failure, h
Fig. 3.
Nominal scatter in static
strength data that can result in
large scatter in lifetime predictions .

•Principal investigator, L. Penn.
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Composites specimens 60-to-70-vol%
Kevlar 49 fiber (1420 denier without
sizing) were filament wound. The resin
system was XD 7575.03/XD7114/Tonox 60-40
(100/65/33.9). Composites were cured for
4.5 h at 60°C plus 3 h at 120°C. The
fabrication and testing methods are reported elsehwere.3' 4

The most noticeable feature in
Fig. 4 is the much broader distribution
of break times in the E-glass composite
as compared to the S-glass and the
Kevlar 49 composites. This was expected
because E-glass is a low cost fiber and
is known to have a higher variability
than the more expensive, aerospace grade
S-glass fiber. Some of the variability
in E-glass results may have been caused
by an inaccurate load applied to the
sample. Such inaccurate application of
load is possible because of the lever
arm arrangement of the apparatus. We
will perform some dead-weight load tests
to verify or disprove this hypothesis.
Because so few data are available at the
lower load levels at this time, we can
draw no conclusions from these data concerning the useful stress levels for
E-glass composite flywheels.

Elastic constants and ultimate
strength properties of composites of 60-,
65-, and 70-vol% fiber are presented in
Table 3. The stress-strain curves of the
65-vol% composite are shown in Fig. 5.
The performance of this composite is compared to two other Kevlar 49 composites
using different resin systems (DER 332/
Jeffamine T-403, and XD 7818/Jeffamine
T-403) in Table 4. This comparison reveals that the rubberized epoxy yields
lower shear properties than the other
two matrices; other mechanical properties, however, are comparable.

ENGINEERING PROPERTIES*
We have also conducted an extensive
evaluation of the physical and mechanical properties of a Kevlar 49 composite
using the rubberized epoxy resin system
described above. The primary advantage
of this composite over previously tested
Kevlar composites is the higher Tg of
the rubberized matrix resin.

FATIGUE LIFETIME*
Knowledge of the time-dependent deformation and strength properties is
essential for the design of flywheels to
ensure minimum dimensional change, maximum dynamic stability and long-term
safety of operation. Among the candidate
*Principal investigator, E. M. Wu.

•Principal investigator, L. C. Clements.
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Table 3. Mechanical properties data for a composite of Kevlar 49 in a rubberized
epoxy resin, XD 7575.03/XD 7114/Tonox 60-40.
Fiber content, vol%
N
60 (CV8)
65 (CV)
70 (CV)
Hb
Property
Elastic Constants0
80.52 d (8.2) 22
Longitudinal young's modulus, GPa
5
7.82 (15.5)
Transverse Young's modulus, GPa
8
1.7 (2.0)
Shear modulus, GPa
Major Poisson's ratio
0.367 (3.96) 22
5
0.037 (7.33)
Minor Poisson's ratio
Ultimates
Longitudinal tension:

5 1814 (4.1)
6 1920 (3.0)
stress, MPa
1685 (5.9)
6 3.3 (2.0)
2 . 6 (5.2)
5 2.6 (3.5)
strain, %
6
Longitudinal compression: stress, MPa
220 (5.8)
6
0.35 (7.2)
strain, %
5 4.8 (10.6)
8 . 7 (8.8)
5 6.4 (10.5)
Transverse tension: stress, MPa
0.17 (11.4) 5
strain, %
5
Transverse compression: stress, MPa
40.3 (9.1)
5
1.4 (15.4)
strain, %
8 16.2 (4.3)
7 16.2 (3.8)
Shear at 0.2% offset: stress, MPa
19.2 (2.8)
7 1.2 (4.7)
8 1.2 (7.9)
strain, %
1.4 (3.7)
8 21.36 (1.5)
7 22.55 (1.2)
Shear at failure: stress, MPa
26.8 (2.4)
8 2.0 (8.9)
strain, %
2 . 7 (12.3)
7 2.0 (3.6)
^V
coefficient of variation, in percent.
TJumber of specimens tested.
c
Elastic constants are assumed to be valid for both tension and compresion.
Estimated from tests at 60 to 70 vol% fiber, normalized to 65 vol%.
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100
400-
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2

5

8
8
8
8

We are characterizing the time-dependent properties of Kevlar 49 composites in the fiber direction by conventional operations using linear viscoelasticity. Tests being conducted are
illustrated in Fig. 6. Creep compliances are obtained from static-weight
tests. The onset cf nonlinearity is
dependent on both stress level and loading rate and is being identified by comparing creep tests and ranp loading tests
at several loading rates. We are using
low-frequency fatigue tests (1000 s/
cycle) to identify the effects of cyclic
stress history on the composite deformations and lifetimes. By comparing the
fatigue data to our stress rupture.data,
we will obtain the design curves used to
estimate composite lifetimes in accordance with current engineering practice
(e.g., S-N or strain vs number of cycles
to failure curves). We are also exploring a theoretical correlation via the

150
800

4
4

flywheel composite materials, only composites of Kevlar 49 exhibit time-dependent deformation in both the fiber-controlled and the matrix-controlled properties. Therefore, Kevlar 49 composites
are being studied extensively because of
their apparent high engineering potentials.

2000

1200

N

3

Strain, %
Fig. 5. Mechanical properties of
65-vol% Kevlar 49/epoxy composite
in tension, compression, and shear:
rubberized epoxy was XD 7575.03/XD
7114/Tonox 60-40.
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Table 4.

Mechanical properties of 60 vol% Kevlar 49 composites in three resin
systems, two rigid matrices and the rubberized matrix.a

Property

Der 332/T-403

Elastic Constants'3
Longitudinal Young's modulus, GPa
Transverse Young's modulus, GPa
Shear modulus, GPa
Ultimates
Longitudinal tension:

stress, MPa
strain, %
Transverse tension: stress, MPa
strain, %
Shear at 0.2% offset: stress, MPa
strain, %

Resin matrix
XD 7818/T-403

Rubberized

81.8
5.10
1.82

75.1
4.56
1.89

80.5

1850
2.23

1400

1685

1.7

7.9

12.4
0.28
33.67
1.98

2.6
8.7

0.16
24.4
1.55

7.8
1.7

0.17
19.2

1.4

a

Rigid matrices: DER 332/T-403 (Dow Chemical/Jefferson Chemical), XD 7818/T-403
(Dow Chemical/Jefferson Chemical). Rubberized matrix: XD 7575.03/XD 7114/Tonox 60-40
(Dow Chemical/Dow Chemical/Oniroyal).
^Elastic constants are assumed to be valid for both tension and compression.

damage function formulation in an attempt
to increase the utility of these fatigue
data in generalized applications.

this cyclic test simulates the ring-type
flywheel and that the test results will
be useful as a direct estimate of flywheel structural performance.

A second part of our fatigue program
is to test small Kevlar 49 rings by load
cycling in the tension-tension mode at
the stress levels expected in operating
fiber composite flywheels (i.e., 50 to
75% of ultimate stress). We believe that

In conventional engineering practice, the time-dependent strength of a
composite is characterized in terms of
the input loads {e.g., the S-N curves
and the stress rupture curves). In our
work, however, we are relating materials
response properties to the input loads.
In this manner, we are not only producing
immediately usable engineering data, we
are also laying the groundwork for a
generalized failure theory for fiber composites. Much of our effort and resources have been directed toward the
necessary instrumentation and data aquisition systems to measure the strain responses of the composite. Examples of
the creep and fatigue responses are shown
in Pig. 7. The experimental results accumulated to date are shown in Fig. 8:
the open data points are from creep
rupture tests and the solid points are
from fatigue tests. In Fig. 8a, we present the failure points in the conventional format of stress level (i.e., input load) vs the time to failure {i.e.,
number of load cycles). In Fig. 8b, we
present the failure points in terms of
the materials response (i.e., the failure
strain) vs the time to failure.

Creep and creep rupture
«• • • •
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Fig. 6.
Mechanical test performed to
determine the time-dependent behavior of Kevlar 49 composites in
the tension-tension mode.
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Fatigue testing was conducted with square wave cycling.
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(a) stress

104

Plots of stress vs time to failura
(Fig. 8a) ace useful as design charts
with which to estimate the lifetime reduction of the composite component due to
creep and fatigue loads. On the other
hand, plots of fatigue strain (Fig. 8b)
suggest the generalized observation that
composite strain compliance at failure
is weakly dependent on stress level and
strongly dependent on load history.
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FUTURE WORK

We are continuing our stress rupture
and dynamic fatigue programs to obtain
more baseline data for predicting the
lifetimes of fiber composite flywheels.
Kevlar 49 and E-glass composites are now
being tested. New stress rupture and
cyclic fatigue t e s t s also will be conducted at elevated temperatures and under
vacuum. Some of this work will be done
under contract at the Oak Ridge National
Laboratory. We plan to continue characterizing the matrix resin formulated
for service at 150°C. We also will investigate resins with improved bonding to
Kevlar 49 in an attempt to increase the
transverse tensile and shear properties
of the composite. Engineering properties
will be determined on S2-glass/high-temperature-service resin composites at room
temperature and at elevated temperatures.
Some work may also be done on low-cost
graphite fiber/epoxy composites.
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ABSTRACT

The Lawrence Livermore Laboratory and the General Electric Company** have initiated
a joint program to develop the technology of fiber-composite, laminated disk flywheels
for energy storage applications. The 2-year program was started in the simmer of 1978.
LLL and G.E. will participate about equally in applying their complementary capabilities
to the overall program. LLL is developing analytical methods applied to contoured disk
wheels. LLL will also investigate bonded hub attachment methods and will select materials
and define processing requirements. G.E. is developing an alpha cross-ply laminate disk,
a rim overwrap, and a mechanical hub attachment. G.E. will also develop manufacturing
processes and will test the developmental and prototype flywheels. Concepts originated
in prior efforts and analyses are presented. Current efforts include the testing of a
contoured, laminated disk flywheel.

INTRODUCTION
A number of studies have concluded
that energy storage flywheels have the
capability to conserve energy in a variety
of applications. Some of these studies
have concluded that incorporating a flywheel in a battery-powered vehicle will
not only conserve energy but will also
provide the acceleration and hill—climbing
performance demanded by users. Fibercomposite materials are most attractive
for energy storage flywheel construction,
having the potential of high-energy
density, relative safety, and economy.
However, the potentially high-energy
densities have not been realized thus far
in efforts to develop fiber-composite
flywheels. In particular, little attention has been given to the development
of laminated disk flywheels.
The Lawrence Livermore Laboratory
and the General Electric Company have
initiated a joint program to develop the
technology of fiber-composite, laminated
disk flywheels for energy storage application. Since this 2-year program was

recently started, this paper will summarize the concepts and analyses leading
to the program, describe the planned
program, and report on the program work
accomplished thus far.
BACKGROUND
For several years the Lawrence
Livermore Laboratory and the General
Electric Company have been involved in
programs related to the development of
fiber-composite flywheels. LLL has been
developing fiber-composite materials data
and processing methods applicable to flywheels. We have also been engaged in the
project to develop and evaluate mechanical
energy storage subsystem technology for
application to electric and hybrid vehicles, technical support to the Electric
and Hybrid Vehicle Demonstration project,
and analysis of the role of energy storage
power systems in transportation. In the
course of this work, Christensen and Wu
performed a design analysis of fibercomposite flywheels1 and Toland surveyed
recent developments in the application of
fiber-composite materials to flywheels.2

*This work was performed under the auspices of the U.S. Department of Energy by Lawrence
Livermore Laboratory under contract No. W-7^05-Eng-l(8.
**Reference to a company or product name does not imply approval or recommendation of the
product by the University of California or the Department of Energy to the exclusion of
others that may be suitable.
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G.E. has been active in flywheel
energy storage projects including development of inductor/motor/alternator/flywheel
energy storage systems for automotive
applications and development of various
fiber-composite flywheel concepts under
G.E. company funding. An attractive concept reported by Lustenader and Zorzi1* is
the "alpha cross-ply" pseudo-isotopic,
laminated disk flywheel.

density. A two-dimensional finite-element
code that uses uniform in-plane properties
and uniform, but different, axial properties has been applied to our first model
flywheel designs. Work is underway on
more detailed analyses of critical areas
taking into account the anisotropic material properties and the combined interlaminar and continuum stress fields.
G.E. has developed a two-dimensional
orthotropic finite-element simulation of
the alpha-ply flywht-sls. They are currently
analyzing the effect of hoop-wound overwrap on stress concentration at hub attachment holes. They are studying overwrap
materials of higher modulus, such as
Kevlar 4 9 and graphite, with various degrees of interference fit.

As a consequence of these studies,
the two organizations independently
arrived at the conclusion that a most
promising rotor design is a disk type
composed of a number of laminas of fiber
composite materials oriented to maximize
strength. Disks of right-circular and
of tapered (contoured) cross sections
are of interest.

LLL and G.E. will compare and assess
their analytical models and will apply
them cooperatively.

PROJECT DESCRIPTION
GOALS

2. Manufacture and Test Model Flywheels.
In this task about 30 model flywheels will
be designed, built, tested, and evaluated.
Sizes will range from 10 to 30 in. in
diam. by 1/U- to 1-in. thick. These tests
will verify the analytical models, the
success of manufacturing methods, and the
effects of hub attachment perturbations.

The objective of this 2-year program
is to develop the technology for highenergy density, fiber-composite flywheels
based on the laminated disk concept and
to demonstrate a prototype, practical
flywheel of this design. Our goal is
a working capacity in prototype wheels
exceeding 50 Wh/kg of total storage
capacity in the 1- to 2- Kwh range, although we expect to demonstrate model
wheels failing at energy densities well
above 90 Wh/kg. Our goal with respect to
the practicality of the prototype wheels
is a design directed to optimize the
overall flywheel energy system with
respect to low volume, low weight, manufacturability and economy.

All of the flywheel tests will be
conducted at the G.E. Corporate Research
and Development Center, Schenectady, New
York.
LLL will produce about 10 model flywheels for testing. The first test wheels
will be directed toward verifying the
analytical model. Subsequent wheels will
be designed to evaluate anisotropy effects,
optimized contouring, and manufacturing
options.

TASKS
The program is planned in five tasks:
(l) establish analytical models; (2) manufacture and test model flywheels; (3) develop hub attachment; {k) design, manufacture, and demonstrate performance of
prototype flywheels; and (5) assessment and
recommendations for the developed technology. Tasks 1, 2, and 3 are closely
interrelated and thus will be conducted
concurrently.
1. Analytical Models. We will use analytical models capable of predicting
stress and energy density of laminated
flywheels to make predictions of flywheel
performance. LLL is concentrating on the
effects of contouring on stress and energy

G.E. will produce about 20 model
flywheels for testing. One group of
wheels will evaluate the effect of various
alpha-ply angles. Another group will be
used to study the effectiveness of outer
wrap rings of various radii and interference fits. Hub attachment methods
will be evaluated in a third group.
Finally, preferred alpha-ply, outer wrap
contouring and hub attachment combinations
will be tested and evaluated.
Manufacturing development is a
necessary and important part of this
task. G.E. will investigate four areas
of manufacturing: (l) the lay-up of
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fiber prepregs into composite slabs,
(2) outer ring winding and press fitting,
(3) contoured wheel production, and
(It) attachment fabrication. During manufacturing development, G.E. will do the
following:
• Make flat slabs about 12-in. diam. and
1-in. thick with the objective of assuring
slab uniformity, low void content, and
fiber parallelism.
• Take micrographs to assure low void
content.
• Evaluate resin characteristics and
post cure heat treatments.
• Apply manufacturing processes to the
outer ring winding.
• Study winding directly onto wheels
and winding into rings for subsequent
press-fitting onto the wheels.
• Develop contoured wheel manufacturing
methods.
• Examine the effects of machining the
contoured wheel.
3. Develop Hub Attachment. The Lord
Corporation and David Rabenhorst of the
Applied Physics Laboratory, Johns Hopkins
University, have developed an adhesivebonded elastomeric hub attachment method
which has been used successfully in
testing laminated disk flywheels.5 LLL
will use this method for their early
test wheels. This design, as well as
other potential bonded-hub designs, will
be investigated for application to working
flywheels.

5. Assessment and Recommendations. This
task concludes the program with an evaluation of the technology developed and
recommendations for design and manufacture
of these high-performance wheels, for
applications of this flywheel technology
to Department of Energy programs and for
further flywheel development.
ORGANIZATION AND MANAGEMENT
As stated previously, this will be
a joint LLL/G.E. program under the coordinating leadership of LLL. The analysis
and design efforts will be about equallydivided between the two organizations.
Although concentrating on their specific
problems, the approaches and results will
be shared by LLL and G.E. for maximum
advancement. LuL will concentrate its
efforts on contoured wheels, bonded-hub
attachment, and materials selection and
processing. The G.E. effort will be
directed toward laminate disk manufacturing,
rim overwrap development, mechanical hub
attachment, and component and system design. G.E. will perform spin testing and
will be responsible for manufacture of
the prototype flywheels.
The program will be coordinated by
quarterly review and planning meetings
and ad hoc technical meetings. LLL will
be responsible for reports and program
reviews.
ACCOMPLISHMENTS

The G.E. overwrap concept alleviates,
to some extent, the stress concentration
at holes drilled in the wheel for hub
attachment. Other methods of mechanical
hub attachment designed to minimize this
stress concentration will be investigated.
Installing slender axial rods without
cutting fibers during lay-up of the disk
is one possible approach.
h. Prototype Flywheels. We will apply
the information gained in the previous
tasks to design, build, and test prototype, practical flywheels. The design
will be directed to optimize the overall
flywheel energy storage system with
emphasis on the goals of low weight, low
volume, reliability, manufaeturability,
and economy. We expect that we will
arrive at two designs of 1- to 2- kWh
capacity an*3. will build and thoroughly
test two wheels of each design.

This program was approved and funded
by the Department of Energy in June 1978.
The contract with General Electric Company was executed in August 1978. Thus,
this 2-year program has just gotten underway.
G.E. had developed and analyzed the
alpha cross-ply concept previously and
had conducted a few verification tests.
Since August they have continued analytical work, started developing manufacturing
methods and building model alpha cross-ply
flywheels for spin testing.
LLL had developed and analyzed their
quasi-isotropic, contoured concept; obtained material; and was building a test
wheel under their materials and processing
program. Under this program, this wheel
was completed and tested; and the results
and material problems are under investigation.
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four samples taken from a 1-in. thick,
10-in. diam. disk made from S-2 glass
uniply-prepreg. Two alpha-9 wheels have
been produced for spin testing. Bonded
hubs, applied by Lord Corporation, will
be used in testing these wheels.

The G.E. alpha-ply concept defines
the orientation of the fibers in adjacent
lamina as
Angle between lamina = 90

.921
N

Table 1. Test data of a laminated wheel
by hydroclaving.

where H is the alpha number. Thus, an
alpha-3 lay-up has the fibers of adjacent
lamina displaced 60° from each other, an
alpha-9 is at 80°, etc. Their analysis
shows improved energy potential for
alpha values above J as shown in Fig. 1.
Very preliminary tests appeared to verify
this trend.

Location
Property
% Glass

2500
With Kevlar wrap

1500
a-5

65.50

6
65.1*1

£
65.5>t

Measured
density

1.8001

1.8023

I.8O33

1.8017

% Voids

2.062

1.9*123

1.781

1.974

The LLL concept is a quasi-isotropie
laminate fabricated into a rotor having
a contoured shape similar to the idealized
uniform stress rotor (Stodola) for isotropic materials. The "proof-of-prlnciple"
flywheel was, in fact, manufactured very
nearly to this idealized contour. Exceptions were that the central area was flat
to accommodate the bonded hub and that
there was no attempt to modify the contour
to compensate for a finite radius versus
the idealized infinite radius. Figure 2
is a sketch of the wheel "as built."

Without Kevlar wrap

a-3

65.56

3

LLL PROGRESS

2000

0

12

cn-7

a-9

Alpha construction

Fig. 1. 2-D finite-element analysis
of E-glass flywheels, with center hole.

The laminated slab from which the
wheel was machined was made of Celion
6000 carbon fiber prepregged with Harmco
5213. It consisted of 160 lamina oriented
at 9o/!t5°/90o/135°, etc. symmetrical about
the center plane of the wheel. This slab
was fabricated by the Babcock and Wilcox
Company. The hub was manufactured and
bonded to the slab by the Lord Corp., and
machining and balancing were performed at
LLL. As machined, the wheel was very
nearly in balance. The minor correction
required was accomplished by "moving"
the hole in the hub. There was no
vibration problem during the spin test.

Included in the G.E. continuing
analytical effort is a study of the
effect of a hoop-wound overwrap on the
laminated disk. The winding has two
purposes. One is to reduce "shredding"
of peripheral glass fibers of the
laminate observed in some unwrapped flywheels. The other is to moderate the
effects of stress concentration at the
hub mounting holes. Material properties
of overwrap, thickness of overwrap, interference fits, and materials costs are
being evaluated.
Recent effort has concentrated on
manufacturing process development directed
toward high-quality production of alpha
cross-ply wheels for spin testing. The
procedures developed thus far include
stamping out circular lamina, accurate
positioning in the lay-up, evacuating
and hydroclave pressing and curing.
Quality and uniformity are indicated by
the data in Table 1. The data are for

Figure 3 shows the finished wheel.
The appearance of the numerous concentric
rings is the effect of contour machining
exposing in turn each lamina from the
central area out to the edge thickness.
Nonuniformity of these rings, like contour lines on a map, indicate nonuniformity
of the lay-up. Although noticeable, this
was not believed to be serious.
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-24 in. dia.-

Lord Corp. rubber
bonded hub

Test wheel
Material
— Celion 6000 carbon fiber prepreg with Narmco 5213
Lay-up
— 0°/±45°/90°; center plane symmetry; 160 Lamina
Wheel weight - 11.5 Ib.; fiber volume 62%; density 0.056 Ib./cu. in.
Fig. 2.

Fig. 3.

The Lawrence Livermore Laboratory "proof-of-prineiple" flywheel.

The LLL flywheel for test No. 1.

The flywheel was tested at the
Applied Physics Laboratory, Johns Hopkins
University. Failure occurred at 36,000
rpm and was sudden and catastrophic.
Energy density at this speed was 62.6 Wh/kg
(28.h Wh/lb) for the entire wheel. Examination of the debris indicated that the
hub bonding had performed satisfactorily
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and that fracture of the wheel probably
initiated near the center.
A two-dimensional finite-element
analysis of the wheel stresses and
strains had "been performed prior to the
test. This code uses uniform in-plane
properties and uniform, but different,

axial direction properties. As-built
dimensions and "published data" properties
of the material were used. This analysis
gave an expected maximum energy density
of 120 Wh/kg (5iu 5 Wh/lb). We anticipated
a lower energy density due to in-plane
anisotropy of the material and manufacturing defects in the rotor although
we did not observe appreciable defects
during machining of the rotor.

lower stresses and strains at failure
than the 0° tests. We conclude the
lack of strength isotropy contributed
significantly to the lower-than-expected
performance of the rotor.
Our conclusions on the results of
this first test flywheel are:
• The slab of material from which the
wheel was machined had strength properties
only about 2/3 of what one should expect
of this material.
• The selected lay-up of O°/±lt5°/9O°was
somewhat less isotropic in strength (inplane) than we expected.
• The design and analysis of the wheel
appears to be verified. LLL will publish
a complete report on building and testing
this flywheel.

There was adequate excess material
from the lay-up slab to obtain "actual"
material properties. However, these
had not been tested prior to the wheel
spin test. These tests have since been
conducted and we found that the "actual"
material properties, stress and strain
at failure, were only about 2/3 of the
"published data" properties. Table 2
gives a comparison of published data,
actual material data, and spin test data.
Based on these rather limited data, we
feel that the rotor performance was
seriously reduced due to a material
problem. Discussions with the material
fabricator have not revealed the cause
of the problem. It is speculated that
lengthy or improper storage of the
prepreg material or an inadequate cure
cycle may have contributed to the problem.
To further evaluate the material
problem, we obtained test panels of the
same material from Celanese Company, the
material supplier. Samples of a unidirectional fiber lay-up and a 0°/±l)5°/90o
lay-up were tested and gave results
essentially equal to the published data.
In addition to testing the 0°/±2i5o/90o
material at 0°, we tested samples at
22-1/2°. These 22-1/2° tests gave much
Table 2.

Comparative properties of the O°/±k5°/9O° laminate and flywheel test data.
Failure
strain, %&

Umaxial
stress, kpsi

Biaxial stress
estimate, a/(l-v)

Published data

1.20

77-8

112.7

Sample from flywheel
blank

0.78

51.1

78. h

Calculated from spin
test

o.6o

Spin test as percent
of flywheel material
a

—

78

61.7

78

At 0 deg.
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PROJECT SUMMARY

Project Title: Flywheel Technology for Automotive Use
Principal Investioator: B. B. Smith/F. W. Jones
Organization: Union Carbide Corporation Nuclear Div.
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P. 0. Box Y
Oak Ridge, TN 37830
(615) 483-8611 Ext. 3-7385
Project Goals: Assist DOE in development of composite flywheel technology
for automotive use; conduct testing operations to assess
performance, determine failure modes, measure transient
loads transmitted to vehicular-type containments; generate
engineering design data for vehicular systems.
Project Status: A prototype composite flywheel was designed, fabricated,
and evaluated in FY 1O76-76T. An improved flywheel and
an instrumented cc-^nment assembly were designed and
fabricated in FY 1977. Testing of these components will
be performed in m e UCC-ND flywheel test facility built
in FY 1978. This facility is approximately 90% completed.
contract Number: W-7405-ENG-26
Contract Period: Oct. 1, 1977 - Sept. 30, 1978
Funding Level:

$170,000 (FY 1978)
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DOE, Division of Energy Storage Systems, Advanced
Physical Methods Branch
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FLYWHEEL TEST FACILITY
B. B. Smith
Union Carbide Nuclear Corporation
P. 0. Box Y, Bldg. 9998, MS 001
Oak Ridge, Tennessee 37830

ABSTRACT
A flywheel test facility was built at the Y-12 Oak Ridge Plant during Fiscal 1978.
The facility is designed for 2 KWH energy level with minimum speeds to 60,000 RPM. The
test machine is located below grade in a concrete pit. The objectives for constructing
the facility are to provide a safe facility for pe forming dynamic testing while developing a composite flywheel and to provide test data for containment and mounting studies.
The facility is located tn an uncleared area to allow relatively easy access to industrial representatives and other government agencies.
INTRODUCTION
A facility for testing and evaluation
of high performance composite flywheels
has been installed at the Union Carbide
Corporation-Nuclear Division, Y-12 Plant.
The flywheel test machine is designed to
withstand a torque of 400,000 ft. lbs.,
and is mounted on a 12-inch high subbase .to allow for quartz windows through
the floor of the machine for future
dynamic studies using high speed photography. The 4.5 inches of containment
is comprised of two rotatable liners
inside a 1.5 inch thick vacuum vessel.
The inside diameter of the 2 inch thick
inner liner is 37 inches. The vacuum
system is capable of maintaining 10 mm Hg.
The test flywheel will be driven maximum
test speeds of 60,000 RPM with a 4-inch
Barbour-Stockwell air turbine. The test
facility is designed for in-place balancing using distance detectors, oscilloscope, x-y plotter, and a tracking
analyzer.
A precision balance machine is available
for pre-balancing flywheels prior to testing.
DESIGN CRITERIA

following specifications. The specifications were also selected such that a nominal 0.5 KWH vehicular flywheel could be
developed and failure tested at speeds and
energy levels consistent with full utilization of the high-performance composite
materials (i.e., 40 to 60 watt-hrs/lbs)
without being limited by test stand
integrity.
1. Maximum kinetic energy - 2 KWH
No combination of speed, weight, and
geometry can exceed a stored energy
level of 2 KWH [i.e., KE = Funct.
(speed, weight, geometry) <_ 2 KWH].
2. Maximum flywheel O.D. - 30 in.
3. Maximum RPM - 60,000 rpm.
4. Maximum weight - 50 lbs.
5. Vacuum - <10 mm Hg.
6. Adequate ports and space for mirrors
and associated equipment to permit
use of high-speed photography in
future activities.
7. Freely rotatable crash ring design,
8. Constrained arbor design.
9. 4" Barbour Stockwell turbine.
10. Capability to structurally attach
and effectively test the FY77 flywheel and containment assembly.

The design specifications were to
provide a spin test stand capable of
testing a flywheel in accordance with the

i
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DESCRIPTION
The flywheels to be tested will be
driven with an air turbine mounted on the
top flange of a test machine as shown In
Figure 1.

flfflkTFI TBT FACILITY
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Figure 2. Qe|1gn for Flywheel Test Facility
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Figure 1. Cross Section of Test Machine

1977 DESIGN

The horizontal test machine provides for
quick access to the test flywheel through
a 2-1/2 inch thick steel flange. The top
flange is secured to the vacuum casing
with 12 one inch SAE grade 5 bolts.which
will withstand an axial force of 188,000
Ibf with a factor of safety of 4.
The test machine has two rotatable
containment liners and a 1-1/2 inch
thick casing wall. The machine is
mounted to a concrete mass with 16 one
inch SAE grade 5 bolts. A sub-base 1s
provided to accommodate optical viewing
of the flywheel through the bottom
fiance for dynamic analysis and to study
failure data of a composite flywheel.
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20 Inch Flywheel Design Criteria
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A vacuum system will provide an
atmosphere of about 10-' mm Hg.
The mass of the concrete base is
greater than the machine mass. The
concrete mass is 43,000 1bs m .
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FLYWHEELS

PROJFXT SUMMARY

Project Title: Mechanical Energy Storage Technology Development
Principal Investigator: R. 0. Woods
Organization: Sandia Laboratories
Albuquerque, NM 87185
(505) 264-7553
Project Goals: The selection of those mechanical components of flywheel energy
storage systems that can be carried to their next stage of
evaluation by efforts within the scope of our budget; the
funding of developmental work treating such components. As a
corollary, the documentation of the state-of-the-art in
specific component technology where such information is scattered
or fragmentary.
Project Status: Efforts to date have treated the following components:
Rolling Contact Bearings
Magnetic Bearings - Active and Passive
Composite Wheels - Hardware development, development of analytic
and testing techniques.
Composite Materials - Analysis, improved properties, vacuum
properties, fabrication and thermal stress
characteristics
Ferrofluidic Seals - Power dissipation, lifetimes, permeation
rates
Funding has been provided to other agencies for the testing of
overall energy storage systems,and the groundwork has been
completed for a program to deal with the problens of vacuum
technology.
Contract Number: 5OL 78
Contract Period: FY79
Funding Level:

$1,107 M (BO) *

Funding Source:

DOE, Division of Energy Storage Systems

*Included in this project are the following:
E. D. Reedy, J r . , "Sandia Composite-Rim Flywheel Development," page 87;
A. Keith Miller, "Structural Modeling of a Thick Rim Rotor," page 93;
Melvin R. Baer, "Aerodynamic Heating of High-Speed Flywheels in
Low-Density Environments," Page 99.
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OVERVIEW OF COMPONENT DEVELOPMENT
Robert 0. Woods
Sandia Laboratories
Division 1+715
Albuquerque, KM 87185

ABSTBACT
Sandia Laboratories is charged with advancing components technology for flywheel
energy storage systems. Portions of this work are being done in-house, the balance on
contract with outside agencies. At this writing, seventeen specific efforts can be
identified. These comprise seven tasks under the heading of composite wheel development, four in bearings, three in vacuum seals, and three in general vacuum technology.
Each of the major efforts will be represented at this conference by a paper presented
by a representative of the organization actually performing the task. The intent of
this presentation is to give an overview of the program's organization and objectives.
INTRODUCTION
The functional components of a flywheel energy storage system are represented in Fig. l. We have shown, by putting
the labels in boxes, the subsystems which
have been identified as needing further
development and that have not been workedover to the point where prohibitively
large expenditures will be needed to
achieve minor quantitative improvements.
These items are the ones upon which we
judge money will be spent to best advantage .
Figure 2 indicates the time frame
projected for the program. All of the efforts spanning FY78/FY79 are in fact under
way. Negotiations for some (but not all)
of those starting in FY79 have been initiated. Note that late Spring 1979 represents a well-defined transition. At that
point the most fundamental components
studies will have been completed; although
development of selected components will
continue, it will at that time be possible
to incorporate study results into the design of a next-generation flywheel module
intended for evaluation and demonstration.
WHEEL DESIGN
All efforts in wheel development have
thus far addressed the problems of wheels
made of composite materials. This is not
only because it was Sandia's experience
with composites which first involved us
in the flywheel effort. Composite wheels
are undergoing development because they
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meet the criterion of not having already
been evolved beyond a point of diminishing return. The alternative to the composite wheel is the steel wheel; there
the technology is well understood and
major advancements are unlikely at our
funding level. In addition, composite
wheels may have attractive features such
as greater energy density and safety
when compared to steel wheels.
Sandia Laboratories, in addition to
its own in-house efforts aimed at developing analytic techniques and at better
understanding the behavior of composites
in flywheel applications, is currently
funding the development of four new wheel
concepts. Each of those will be described
in detail by the contracting organization.
Together, these concepts exhaust the range
of geometries proposed to date. The timing of these programs is such that preliminary information regarding each of the
designs will be available when engineering of the demonstration module begins.
BEARINGS
These programs will also be described by the contractors. In the case
of rolling contact bearings, Sandia has
funded a combined laboratory and theoretical study which has explored the capabilities of what may be the next-generation design for ball bearings. At the
same time, this study provides inputs to
a computer code that will, for trade-off
studies, predict bearing operating characteristics over a range of parameters

such as speed, size and loading.
Two studies are also being funded to
explore the characteristics of magnetic
bearings — both active (servoed) and
passive. It is generally thought that
such bearings will find use only in stationary applications. At some time in
the future, probably mid-1979> we hope to
also fund work on hydrostatic bearings.
The results of such work could find application in a later generation flywheel
demonstration unit.
SHAFT SEALS
We have concluded, and it appears
that our judgement is supported by a
majority of the workers in the field,
that for high-performance (read "high
speed") flywheel systems, energy input
and output will probably be electrical,
using motor/generators sealed within the
vacuum housing. If, however, it were
possible to produce rotating shaft seals
capable of the low permeation rates, high
surface speeds, and long wear lifetimes
needed for flywheel applications, a number of options would be opened that
might make electric input/output look
less attractive. With the current stateof-the-art in seals technology the possibility of using a shaft and directlycoupled mechanical transmission exists
only for a limited range of applications.
In the interest of establishing (or
demolishing) the credibility of mechanical input/output concepts, we are funding
two seals studies and hope to fund a
third. The first two will establish the
operational envelope for present-generation shaft seals and perhaps produce
next-generation hardware. The later study,
that of the so-called "dynamic" seal is
properly part of a vacuum technology
program which is not yet under way.
VACUUM TECHNOLOGY
One of the companion papers to be
delivered at this conference will report
on a study of the aerodynamic heating of
composite wheels. The unavoidable conclusion arising from this work is that the
vacuum requirements of a high-performance
composite wheel are stringent to the
point of entailing a major effort if such
wheels are ever to evolve beyond the state
of a laboratory curiosity. The main problems in vacuum technology are the dismally poor energy efficiencies of presentday pumping equipment, the outgassing
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properties of the composites themselves,
the effects of shock and vibration encountered in a vehicle environment, and
the close tolerances (hence high prices)
found in most rotating vacuum equipment.
The only hard datum is that a vacuum
on the order of 10"* torr will be required if the potential of a composite
wheel is to be realized. This information in itself is not adequate to specify the problem. What is also needed is
information regarding pumping rates at
that pressure. These will be controlled
by the outgassing properties of the composites and the permeation rates of the
seals. No reliable information exists,
although we have made a first step by
funding a series of outgassing tests
which investigated representative composites .
The current status of the vacuum
technology program is that we are actively trying to locate organizations working in the field and to interest them
in undertaking all or any part of the
problem.
CONCLUSION
This is an open-ended program whose
objective is to upgrade a wide range of
components for flywheel energy storage
systems. There is no single touchstone
by which the success of the program may
be judged; rather, the objective is to
produce a continuous progression of
technological improvements. By mid-1979
it should be possible to incorporate the
outputs of the program as of that date
into a demonstration unit. That unit
should represent an improvement over what
could now be produced. At the very
least, it will represent a permutation
of components which can credibly be
called "optimized".
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SANDIA COMPOSITE-RIM FLYWHEEL DEVELOPMENT*

E. D. Reedy, Jr.
Sandia Laboratories^
Composite Materials Development
Division 5844
Albuquerque, New Mexico 87185

ABSTRACT
This paper will briefly discuss a series of spin tests completed in March, 1978
(just prior to the last DOE Flywheel Contractors' Meeting) and report on the status of
Sandia's current rotor development program. Two designs incorporating a 20 in. O.D.
graphite/epoxy rim were tested. Each design utilizes a different method of attaching
the rim to an aluminum hub with Kevlar 49/epoxy bands. Data on rotor performance,
dynamics, and failure modes were gathered. Two rotors with a pin-wrapped hub design
were spun to tip speeds in excess of 2500 ft/sec. This corresponds to an energy density, based upon total rotor weight, of approximately 20 Wh/lb. These tests have helped
identify areas requiring further research. In particular, there is a need for predictive dynamic analysis for this class of fJywheel.

attach the rim to an aluminum hub. Kevlar 49/epoxy bands were chosen to match
the radial displacement and tip speed
capability of the rotating rim.2 The
Alleghany Ballistics Laboratory of Hercules, Inc. fabricated two rotors incorporating their suggested pin-wrapped hub
connection (Fig. 1 ) . The hub region of a

INTRODUCTION
A hybrid propulsion system which
utilizes a flywheel for energy storage requires a rotor which can both store energy
efficiently and fail in an easily contained manner. A flywheel design which
incorporates a circumferentially wound rim
was identified as being likely to satisfy
these design requirements as well as
lending itself to existing fabrication
techniques. An analytic study was performed to identify feasible design and
material choices for a filament wound rim
which is of a size appropriate for a
hybrid vehicle.1 Based upon this analysis, two flywheels were designed to have
(1) a total weight less than 25 lbs, (2)
a rim swept volume of approximately 0.5
cubic feet, and (3) a storage capacity of
0.56 kWh at 31,000 rpm in order that 0.5
kwh could be delivered with a 3 to 1 speed
reduction. Both designs incorporate a 20
in. O.D., high strength graphite/epoxy rim
which has an inner-to-outer radius ratio
of 0.7625. The rim has a semi-elliptical
cross section with its 3 in. high flat
edge facing the hub. The designs differ
in the method in which overwrapped bands

Figure 1.

Pin-Wrapped Flywheel

Pin-Wrapped flywheel is shown in Figure 2.
Two rotors which utilize six radial overwrapped bands to connect rim and hub
(Figs. 3,4) were fabricated by the Defense Division of the Brunswick Corporation. Due to its appearance, this rotor
design was designated the Wagon Wheel...

This work was supported by the U.S. Department of Energy (DOE) , under Contract
AT(29-l)-789.
A U.S. DOE facility.
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Figure 2.

Pin-Wrapped Flywheel Hub

Figure 3.

Wagon Wheel Flywheel

The results of the spin tests of these
rotors as well as the current program
goals will be discussed below.
SPIN TESTS RESULTS
Four flywheels, two of each design,
were tested at Sandia Laboratories, Livermore. These tests are described and discussed in detail in Ref. 3. The results
of the tests are summarized in Table 1.
The highest rotational speeds were obtained by the Pin-Wrapped rotors (29,000
and 30,100 RPM). The lower speeds reached
by the Wagon Wheel rotors may be due, in
part, to the presence of pre-existing rim
flaws which apparently grew during spin-up.
Also, the first Wagon Wheel rotor tested
(Test #2) experienced a migration and loss
of balancing weights during spin-up. The
maximum tip speed was reached by a pinwrapped rotor, 2625 ft/sec (Test #4). At
failure this rotor stored 0.532 kWh, which
is within 5% of the design goal of 0.56
kWh. This corresponds to an energy density of 21.3 Wh/lb based upon total rotor
weight.
Rotor dynamics were monitored by
proximity gauges which measured the horizontal displacement of the adapter connecting the flywheel to the spinner shaft.
In all tests the flywheels initially spun
stably as their speed was increased. However, each test (except Test #1 in which
there was a facility failure) was terminated by excessive shaft rurout. The
cause of this increasing 2r-»i runout has
not yet been determined. It appears that
it could have been caused by either (1) an
increasing rotor imbalance due to a structural failure or a migrating balance
vreight, (2) approaching a critical speed,

Figure 4.

Wagon Wheel Flywheel Hub

or (3) a combination of the above. There
is evidence of an increasing rotor imbalance in Test #2 due to migrating
balance weights, in Test #3 due to fraying bands, and in Test #2 and #5 due to
growing rim flaws (see Table 1 ) . On the
other hand, calculations by C. W. Bert
et. al.1* indicate the existence of critical whirl speeds of 23,000 EPM for the
Wagon Wheel design and 23,500 EPM for the
Pin-Wrapped design. These predictions
may be altered to give better agreement
with experiment when more accurate estimates for rotor stiffnesses become available.
One rotor of each design was spun
until its runout failed the breakaway
shaft and dropped it into the spin pit.
Although the failures generated may not
represent a spontaneous rotor burst, they
may be typical of those induced by a
growing flaw which causes increasing
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TABLE 1 .

COMPOSITE-RIM
MAX SPEED (RPH)

TEST

FLYWHEEL

COMMENTS

1

Pin Wrapped
#1

23,800

Terminated by facility failure
Bands abraided by instrumentation debris

2

Wagon Wheel
#1

17,900

Pre-existing surface flaws (rim)
Terminated after balance weights thrown off
Rim separations

3

Pin Wrapped
#1

29,000

Same flywheel used in Test #1
Terminated by excessive shaft runout
Bands frayed where abraided in Test #1

4

Pin Wrapped
#2

30,100

Best performance
Driven until shaft failed

5

Wagon Wheel
#2

22,100

Pre-existing internal flaws (rim)
Driven until shaft failed
Rim separations
3-D finite element model is being used to
study the interaction between the rim and
bands. Such analysis could be used to
optimize the choice of band material and
rim geometry.

runout to break the shaft. In both tests,
the bands were ripped from the rim and
shredded. The rim remained intact (Fig.
5 ) . This failure mode is conducive to
containment since there are no pieces with
high radial momentum.

Methods for predicting and controlling rim fabrication stresses are being
pursued as this may provide a .•neans of
extending a rim's operating speea. An
experimental program to measure rim residual stresses is underway. In these
tests the hoop strain at the rim I.D. is
monitored as layers of the outer surface

CURRENT PROGRAM
Since, as discussed above, the origin
of increasing shaft runout is not known,
its identification is a principle goal in
the current program. An intensive effort
is underway to better understand rotor
dynamics. Bert et_. al^.1*'5 are using
lumped mass techniques which use calculated estimates for distributed band,
shaft, and support flexibilities to model
the rotor. His calculations incorporate
gyroscopic effects and centrifugal band
stiffening. A modal analysis of the Wagon
Wheel design is being pursued by Miller.6
His finite element calculations are being
calibrated against the results of an
experimental modal analysis. This experiment was performed on a non-rotating flywheel with traction-free boundaries. The
next series of spin tests will attempt to
identify the source of the excess shaft
runout. One facet of these tests will be
to try to observe experimentally the
analytically predicted changes in the
Wagon Wheel's dynamics when the band
stiffness is increased or the hub's diametrical moment of inertia is decreased.
In addition to dynamic analysis, a
more detailed structural analysis of the
flywheels is planned. In particular, a

Figure 5.
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Failed Pin-Wrapped Flywheel
(Test #4)

are machined away. These data can be
used to infer the initial radial stress
distribution. Predictive analytic methods
which correlate with the experimental distributions are being sought.
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STRUCTURAL MODELING OF A THICK-RIM ROTOR*
A. Keith Miller
Applied Mechanics Division 5521
Sandia Laboratories
Albuquerque, New Mexico 87185

ABSTRACT
A NASTRAN structural model has been constructed of the Sandia
designed, thick-rim rotor having six discrete overwrapped bands forming
twelve pairs of spokes—the wagon-wheel rotor. The results of an experimental modal analysis of an actual rotor, using Past-Fourier transform
techniques, are being used to aid in the definition and refinement of the
numerical model. A description of the structural model is given in this
work, and the resulting calculated normal mode shapes and frequencies are
presented. These mode shapes and frequencies are compared to those
obtained from the experimental modal analysis.
INTRODUCTION
The objective of the program is
to develop a flywheel rotor capable
of being used in hybrid heat-engine
vehicles. One promising proposed
design of such a rotor involves a
thick-rim, composite rotor having
discrete composite spokes attaching
the rim to an internal hub. The
proposed rotor, shown in Fig. 1, has

an outer diameter of approximately
twenty inches and weighs approximately twenty three pounds. The
flywheel is designed to store 0.5
kWh of energy when rotating at
32,000 rpm.

Thick-Rim Wagon-Wheel Rotor

Because the success of any
rotor design is ultimately determined by the dynamic performance of
a flywheel system, it becomes necessary to attempt to understand the
dynamic characteristics of a rotor
structure before it is incorporated
into the larger system. Once the
structural dynamic characteristics
of the rotor are properly identified, then one should be able to
determine, with some confidence,
the interaction between a flywheel
system and a specific roto:.. One
approach to quantifying tne structural characteristics of a flywheel
rotor, in a manner such that the
information can be used in a series
of flywheel system designs, is to
construct a numerical, finiteelement model of the rotor using
existing general purpose computer
codes, such as NASTRAN.

This work was sponsored by the
United States Department of Energy,
Dr. Robert 0. Woods, program
monitor.

Experimental modal analysis of
a wagon-wheel rotor has been used
to verify the various assumptions
involved in the assembly of the
numerical structural model (especially items; involving connecting
regions). When the numerical model

Fig. 1.
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predicts mode shapes and frequencies
of the rotor structure which are
within reasonable agreement with the
experimental results, it is believed
that the structural model is sufficiently accurate to be used in
future analyses of flywheel systems.

- SPIN COLLAR

ROTOR COMPONENTS
A sectioned view of the wagonwheel rotor is shown in Fig. 2.
The wagon-wheel consists essentially
of three components: the circular
wound, carbon/epoxy rim; the unidirectional Kevlar/epoxy spokes;
and the hub which includes the
aluminum cylindrical hub, the aluminum spin collar adaptor plate, the
catcher plate and plug, and the
steel spin collar. The mechanical
properties of the graphite/epoxy,
the Kevlar/epoxy, and aluminum used
in the structural model are given
in Table 1.

Fig. 2. Cross-Sectional View of
the Wagon-Wheel Rotor
which are machined into the ends of
the hub.

The rim, as shown in Fig. 2,
has a semi-elliptical cross section
having a semi-major axis of 2.4
inches directed radially, and a
semi-minor axis of 1.5 inches. The
inner radius of the rim is approximately 7.6 inches.
The twelve overwrapped Kevlar/
epoxy spokes have a nominal width
of 0.5 inches, and a nominal thickness of 0.1 inches. The spokes
were measured to be approximately
50% thicker than the nominal value
on the rotor used in the experimental model analysis. (The measured
thickness of the spokes was used in
the numerical model of the rotor.)
The spokes are continuous, and pass
through the hub in a series of slots
Table 1.

-WOUHTIHG I1LOCK
- CMrnrft r-tuG

The aluminum hub is a cylinder
having an inner diameter of 3.5
inches and a wall thickness of 0.5
inches. The hub is 4.3 inches long
but has slots of depths ranging
from 0.15 to 0.65 inches machined
from the ends to allow the overwrapped spokes to pass through.
The aluminum catcher plate is 2.5
inches thick and 4.5 inches in
diameter with a 0.6 inch diameter
attached ball affixed to one side.
The aluminum spin collar adaptor
plate is 1.5 inches thick, with an
inner diameter of 1.75 inches and
an outer diameter of 4,5 inches,
and is affixed to the opposite end

Mechanical Properties of Materials Used
in the Thick-Rim Wagon-Wheel Rotor

Property

Graphite/Epoxy

Kevlar/Epoxy

Aluminum

Longitudinal Modulus E.
(106 psi)
Transverse Modulus E_
(106 psi)
Shear Modulus G
(106 psi)
Density (lb/in3)

18.00

11.00

10.50

1.23

0.71

10.50

0.85

0.30

3.80

0.054

0.050

0.100
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of the hub. To this is attached
the steel spin collar which is essentially a hollow truncated conical
section having a major outer diameter of 4.5 inches, a minor outer
diameter of 1.75 inches, an inner
diameter of 1 inch, and is 2 inches
long. All dimensions are approximate.
More detailed dimensions and
a description of the fabrication
procedure of this wagon-wheel rotor
can be found in Reference 1.
NASTRAN MODEL
The finite element structural
model which is currently being used
to describe the wagon-wheel rotor
consists of a series of beam elements, plate elements, and solid
elements. The graphite/epoxy rim
is modeled as a series of twelve
beams each having a cross-sectional
area and area second moment equivalent to the physical rim. Actual
orthotropic material properties of
the graphite/epoxy are used for
these beam elements.

algorithms. The moment of inertia
about a diametral axis for the hub
assembly is normally too large when
the computer algorithms distribute
the mass to the node points.
EXPERIMENTAL MODAL ANALYSIS
During the experimental modal
analysis, a thick-rim, wagon-wheel
rotor was suspended from the catcher
adaptor plate by surgical tubing to
simulate a free condition of the
rotor structure. The natural frequency of the rotor on the tubing
was roughly measured to be 1.2 Hz.
A mounting block (See Fig. 2) was
attached to the catcher plate
through which a circumferential
impulse was input to the rotor hub
via a hard plastic hammer having a
force transducer mounted to the
head.
Triaxial accelerometer blocks
were mounted at ninety degree increments around the inside of the rim,
and at the top and the bottom of the
hub assembly.

Each of the twenty four Kevlar
spokes were also modeled as a series
of beam elements again having orthotropic mechanical properties. The
hub was modeled as a series of plate
elements consisting of four rings
with twelve elements defining each
ring. The catcher plate, the spin
collar adaptor plate, and the spin
collar were all described in the
model by three-dimensional solid
elements.
The modulus and mass properties
were included as material properties
for the beam elements of both the
rim and the spokes. The computer
code then distributes the mass of
each element equally at each node
point at the ends of the bars. Only
the modulus of the material used in
the solid elements was input as a
material parameter. Equivalent
masses were directly input to the
node points describing the hub
assembly so that the moment of inertia of this assembly could be
adjusted to better model the structure. The masses are not distributed precisely enough for the hub
assembly when done by the NASTRAN
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As an impulse was supplied to
the structure, the time responses
of the accelerometers were measured
at a sampling rate of 5000 Hz (once
every 0.2 milliseconds). The responses were averaged from ten impulses, and experimental transfer
functions for each accelerometer
were obtained from a Hewlett-Packard
5451B Fourier Analyzer, using a_ HP
software package. Fig. 3 is a typical plot of an experimental transfer
0.9
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Fig. 3. Experimental Transfer
Function on the Spin-Collar-End of
the Hub for the Wagon-Wheel Rotor

function; this particular one is
for an axial accelerometer mounted
to the spin collar side of the hub
assembly. The plot on the left of
Fig. 3 represents the real portion
of the transfer function, while the
plot on the right represents the
imaginary portion. Once the experimental transfer functions are
obtained, a series of analytic transfer functions are "fit," with the
aid of the Fourier Analyzer, to
match the experimental ones. The
"fitted" transfer functions are the
ones from which the model frequencies and damping factors are actually
read.
The peaks in the transfer functions, such as are shown in Fig. 3,
locate the frequencies of the resonant vibration modes in the structure. The amplitude of a particular
peak gives an indication of the
relative strength of that mode. The
width of a peak is related to the
amount of damping in the structure
associated with that mode.

Frequencies and Normal Modes of the
Thick-Rim Wagon-Wheel Rotor
Numerical

Experimental
Mode
Number
1
2
3
4

Frequency
(Hz)
102
376
605
630

The fourth mode, which is a
whirl mode of the hub with respect
to the rim, may be one of some concern. Although the frequency of
this mode (630 Hz) is beyond the
proposed operating range for the
rotor, it is important to consider
the fact that this mode was identified while the rotor was in a static
condition where centrifugal stiffening of the spokes is not present
(which may raise the frequency of
this mode), and while the rotor is
in a free condition—not attached
to the air turbine used in the spin
testing. When the rotor is attached
to the air turbine the frequency of
this mode will be lowered because
the additional flexibility of the
turbine shaft is in series with the
rotor spokes for this mode shape.
It is presently unclear how
strongly centrifugal stiffening of
the spokes will affect the whirl
frequency. However, a preliminary
analysis using the present NASTRAN
model of the rotor and a current
estimate of the air turbine structure indicates that the whirl frequency may be decreased as much as
30 percent when the rotor is pendulous ly attached to the turbine. If
centrifugal stiffening of the spokes
does not increase the whirl frequency, a 30 percent reduction of this
frequency places it near the 25,000
rpm range. As was noted by Reedy 3 ,
previous spin tests of a wagon-wheel
rotor indicated possible dynamic
instabilities near this angular
speed.

The modes for the wagon-wheel
rotor were, in general, found to be
very distinct and nonoverlapping,
which indicates that the structure
was behaving essentially linearly
for the input excitation used.
Although the normal modes up to
2000 Hz can be identified from the
transfer function shown in Fig. 3,
only those below 1000 Hz (60,000
rpm) are examined. Modes at frequencies above 1000 Hz are considered to be sufficiently above the
upper limit of the proposed operating range that they will probably
not be excited during the rotor's
operation. Therefore, only the
frequencies of the first four normal
Table 2.

modes, and descriptions of the mode
shapes determined from the experimental analysis are given in Table
2.

Mode
Number
1
2

Frequency
(Hz)

Description
Axial motion of hub w.r.t. rim
Torsional motion of hub w.r.t. rim
Hub oblonging (highly damped)
Whirl of hub w.r.t. rim

90
373
634
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The whirl mode is also the one
easily excited by gyroscopic moments
which develop from mass eccentricities as a rotor is spun. Therefore,
it is highly desirable to have the
frequency of this mode as far as
possible from the operating range.
The relatively massive catcher plate
and plug were removed from the rotor
to investigate the possibility of
raising the frequency of the whirl
mode. The experimental analysis was
repeated and the whirl frequency was
found to be raised 80 Hz (13%) while
the rotor was in the static, free
test state.
NASTRAN MODEL NORMAL
The frequencies of the first
three normal modes and descriptions
of the mode shapes calculated from
the NASTRAN model are also given in
Table 2. In general, the frequencies predicted by the model agree to
be within 10 percent of the experimental modal frequencies.
The structural model does not
predict a mode shape as observed in
the experimental analysis for mode
number three (605 Hz). Instead, the
shape of mode number three predicted
by the numerical model corresponds
to the shape of mode number four
from the experimental analysis.
When a particular mode is predicted
by the numerical model which is not
observed in the experimental analysis, an immediate question arises of
whether the mode was sufficiently
excited by the chosen mechanical
input to be detected by the transducers. In this situation, an input
is selected which will sufficiently
excite the mode, if it exists.
Normally the mode does exist and is
detected when the alternate mechanical input is chosen. However, when
a mode is detected by the experimental analysis which is not obtained
from the numerical model (as in the
current case), then both the model
and the experimental data must be
re-examined. Because the predicted
modal frequencies from the numerical
model are in good agreement with the
corresponding frequencies of the
experimental analysis for the remaining mode shapes, a re-examination or
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the transfer function shown in Fig.
3 seems appropriate.
In Fig. 3, both of the peaks in
the real and imaginary portions of
the transfer function associated with
this questioned mode (at 605 Hz) are
of relatively small amplitude, indicating the response of the rotor at
this frequency is not great. Also,
the peak in the imaginary trace is
wide, indicating a large amount of
damping is associated with this mode.
The mode at 605 Hz is obviously not
strong, nor is it a clean mode. The
peak may be either the result of
some nonlinear behavior of the rotor
structure when it responds to the
mechanical impulse input or a small
beating mode resulting from two
higher frequency modes which are
excited by the impulse. In any
case, this mode is not of serious
concern. If the mode is the result
of some nonlinear response, the
structural damping associated with
it is large enough that th° response
to possible excitations should remain
small; or if the mode is the result
of two higher frequency modes, those
higher frequency modes are well above
the proposed operating speed of the
rotor and will not be excited; therefore, no beating will exist.
It was discovered during the
assembly of the structural model
that the distance from the plane
formed by the rim (plane A-A in
Fig. 2) to where the spokes attach
to the hub strongly influenced the
whirl frequency predicted by the
model. The further from this plane
(plane A-A) that the spokes were
fastened to the hub, the lower was
the whirl frequency. The points
where the spokes connect to the hub
in the actual rotor vary in distance
from the plane of the rim. The
inclination of the spokes vary in
uniform increments from being essentially parallel to the rim plane,
to vectors outwardly inclined approximately four degrees when transversing from the rim to the hub.
It is anticipated that the results
of this discovery will be further
considered if it becomes necessury
to increase the whirl frequency for
this design of rotor.

FUTURE EFFORTS
The thrust of the effort to
date has been to assemble a structural model of the thick-rim, wagonwheel rotor which is accurate and
can be used reliably in future
studies of flywheel systems. The
immediate future effort will be to
incorporate the current rotor model
into a larger structural model containing the spin pit dynamic characteristics. The enlarged model
will be used in an attempt to predict possible dynamic instabilities
as the rotor is spin tested. Items
such as the effects of centrifugal
stiffening of the spokes and the
effects of removing the catcher plug
on the dynamic characteristics of
the flywheel system are expected to
be addressed. Frequency response
studies of various force inputs to
the flywheel system are also anticipated.
The structural model can also
be used to investigate the dynamic
effects of possible design changes
of components of the rotor in
advance of fabrication of a new
rotor. Dynamic control studies
based on accepted structural models
are also possible future efforts.
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AERODYNAMIC HEATING OF HIGH-SPEED FLYWHEELS IN
LOW-DENSITY ENVIRONMENTS*
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ABSTRACT
This study addresses the aerodynamic heating of high-speed flywheels in lowdensity environments. A computer code has been developed to predict temperature
fields in flywheels of variable geometry and consisting of multiple composite materials
with nonisotropic, temperature-varying thermal properties. Allowances have been
incorporated for variable environmental conditions, time-varying spin rates, and the
choice of slip-flow or free-molecular aeroheating. Major results from the code indicate that environmental pressures below 10~3 torr are necessary to avoid steady-state
temperatures exceeding 50°F above ambient. Protruding surfaces have the major
potential to cause thermal problems.

NOMENCLATURE
a
Cp
G
k
p
Pr
q
r
r1
5
St
T
z
a.
y
6
e
H
\
(T

flow angle of incidence
flywheel angular velocity

speed of sound
specific heat
gap distance between flywheel and
housing
thermal conductivity
gas pressure
gas Prandtl number
heat flux
radial coordinate
recovery parameter
reduced Mach number
Stanton number
temperature
axial coordinate
accommodation coefficient
ratio of specific heats
continuum boundary layer thickness
emissivity
gas viscosity
gas mean-free path
Stefan-Boltzmann constant

SUBSCRIPTS
c
r
H
W
CO

f

1

convective
radiation
housing inner surface
flywheel surface
ambient
fiber direction
normal-to-fiber direction

INTRODUCTION
The introduction of high-strength,
low-density materials such as Kevlar-49
or other fiberglass/carbon-fiber composites has greatly improved the energy
storage capabilities of high-speed flywheels. However, the requirements of
a long system lifetime and a high powerconversion efficiency constrain their use
as a storage unit. At high rotational
speeds, aerodynamic considerations are
important because of the induced parasitic
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Department of Energy (DOE) facility.
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frictional losses and the associated irreversible conversion of kinetic energy
to heat.

defined the laminar boundary layer thickness for the rotating flow as

It has been suggested that these
undesirable effects can be virtually eliminated by operating the system within a
low vacuum environment (below P < 10"^
torr).' However, this vacuum requirement may be impractical or unrealistic
for some systems. For example, outgassing characteristics of the organic
composite flywheel may limit the achievable degree of vacuum.
Although drag losses can be r e duced, heat-transfer effects may be
significant since aerodynamic heating
occurs over a long operating lifetime,
and this integrated heating determines
the temperature fields within the flywheel.
The heating effect is of major concern
because composite materials are heatsensitive and experience severe degradation of strength when the temperature
exceeds 150°F. 2 Also, the possibility
of a pressure runaway condition exists
because of an increased outgassing rate
at elevated temperatures.
This study addresses the prediction
of temperature fields within high-speed
flywheels spinning in low-density environments. A computer code was developed
for this purpose that incorporates the
allowances of composite materials with
nonisotropic temperature-varying properties, variable environmental conditions,
time-varying spin rates, and different
axisymmetric geometries. Steady-state
or transient time calculations can be
determined for slip-flow or freemoiecular aeroheating. Results presented herein typify the predictions of
the heat-transfer code.
THEORY
Figure 1 shows a typical flywheel
geometry examined in this study. Under
standard conditions of pressure and temperature, a> continuum boundary layer
flow exists adjacent to the flywheel surface as it is spun. Schlichting3 has

Note: This characteristic dimension is
independent of flywheel radius.

COMPOSITE FLY WHEEL

Fig. 1. The geometry of the flywheels
examined in this study.
As the pressure within the housing
is dropped (maintaining the ambient temperature), the mean-free path between
consecutive molecular collisions becomes
larger. For an ideal gas, this dimension
is given as
X = 1.26N/yji/pa
Slip and/or transitional flow is encountered when the mean-free path approaches the boundary layer thickness.
At this condition the boundary layer is
diffuse, the flow appears to be "slipping"
along the rotating surface, and the gas
experiences a temperature discontinuity
at the gas-surface interface.
Free-molecular flow is reached
when the mean-free path is large. For
this rarefied flow, momentum and energy
exchange occur strictly from molecularsurface interactions, and the incident
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flow is undisturbed because of the presence of the rotating surface.
Figure 2 depicts the subdivision of
the flow regimes gauged according to the
ratio 6/X. Under conditions suggested
for practical application (~10-2 to 10-5
torr), the noncontinuum flow regimes
are of most importance and the heat
transfer associated with free-molecular
and slip/transitional flow follows in the
next sections.

•20,000 rpm

flux of energy is deduced from the accommodation property of the heated
surface (determined experimentally and
related to the rate if the molecules were
reemitted with a Maxwellian velocity
distribution at the heated surface temperature). Typical values for the accommodation coefficient are a = 0.85 to 1.0.
The heat flux into the flywheel is then
represented in terms of a modified
thermal recovery factor, r \ and a
Stanton number. Sj:

and
CONTINUUM FLOW

The expressions for r 1 and S t are given
in the Appendix.
s

I

SLIP/TRANSITIONAL HEAT TRANSFER
Within the pressure range p = 10" *
to 10" 3 torr, the effects of intermolecular collisions begin to be important.
Contrary to free-molecular flow, the gap
between the housing and the flywheel is
important since a conduction path is provided to the surrounding ambient temperature.

1 rfr
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W6

GAS PRESSURE (lorrl

Fig. 2. Flow regimes at various ambient
pressures and spin conditions.

To treat the heat transfer for slip
flow, Couette flow between two parallel
moving surfaces of different temperatures 4 is examined (refer to Fig. 3).
The following heat-transfer relationship
incorporates the heat-conduction effect
with the viscous dissipation in the flow:

FREE-MOLECULAR AEROHEATING
The convective heat transfer to a
rotating flywheel in the free-molecular
range is determined by the influx of
energy transmitted by the bombardment
of molecules with the surface and is corrected for the energy that is reemitted
into the incident stream. This reemitted
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C

(1+2X/G)2G

Derivation of the above equation requires
that the accommodation coefficient, a,
and the momentum transfer coefficient,
c, are u n i t y .

COMPUTER MODELING

Flywheel rotor

Fig. 3. Flywheel-housing geometry used
in the slip-transitional flow aeroheating
relationship.

The previous heating relationships
were incorporated in a con^-wter code
that analyzes the steady-state or transient temperature field within axisymmetric flywheel geometries. Options
to the code include the allowances of
varied geometry (including variable
thickness), composite materials, nonsteady spin rates, flow regime (pure
slip flow or pure free-molecular flows)
with variable gas properties, excess
heating at the rotor tip, and nonisotropic
temperature-dependent materials. The
results that follow in the next section
typify the predictions of the case.
RESULTS

THERMAL RADIATION CONSIDERATION
The radiant interchange between the
flywheel and housing is of major importance in the heat-transfer modeling because it equilibrates the system to temperatures much lower than the recovery
temperatures of the flow. Without the
radiation cooling, the steady-state temperatures would approach the recovery
temperatures that are typically 1000°F.
The radiant exchange between gray
surfaces5 is given as

W
where e w» £ H a r e respectively the
wheel and housing emissivity and a is
the Stefan-Boltzmann constant.

The first series of results are the
equilibrium predictions of maximum
temperature for a flywheel composed
of a material of low thermal conductivity
(an adiabatic surface results from a
zero-valued thermal conductivity). Surface temperatures are determined by
matching the convective aeroheating to
the radiation cooling.
Displayed in Fig. 4 are these
maximum temperatures at various
angular speeds at the tip of a flywheel
having a radius of 1 ft and subjected to
free-molecular aeroheating. The heating
effects are small below a gas pressure
of 10~5 torr. For an air environment at
a pressure 10~3 torr, the free-molecular
calculations predict a rise in temperature
of 50 °F above ambient at a speed between
40, 000 to 50, 000 rpm. For other radii,
the tip-speed velocity should remain the
same, with the angular speed adjusted
accordingly.
A modificftion of the above results
is necessary for aeroheating surfaces not
parallel with the incident flow. Some
existing flywheel designs incorporate
surfaces oriented 90° to the incident flow.
For example, Fig. 5 depicts a portion of
a flywheel that has an outer wrap as a
supporting spoke. This effect of surface
orientation in the aeroheating is displayed
in Fig. 6.

Note: To maximize radiation cooling, a
high emissivity of the housing is r e quired.
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Also included in the same figure
is the effect of introducing an environment of a low molecular weight; i. e.,
the inert gas helium. Hydrogen is perhaps the best environment from a molecular weight point of view; however, its
highly reactive nature may cause problems.

Fig. 4. Equilibrium surface temperatures at various angular speeds and
ambient air pressures.

i -

Fig. 6. Maximum temperature at
various ambient pressure and flow
incidence angles for environments of
air or helium.

The next section of results (Figs.
8 to 12) includes the effects of thermal
conductivity in a flywheel geometry
represented in Fig. 7. Thermal properties of a Kevlar-49/epoxy composite
are used in the calculation and are given
in the Appendix.

01

\
spoke

\

Fiber orientation plays an important role in this modeling since the
thermal conductivity changes by an order
of magnitude with direction. For example, circumferentially orienting the
fibers places low thermal conductivity
in the r-z directions, and the temperature fields are well-represented by the
adiabatic predictions of the previous
section. The higher thermal conductivity is in the fiber direction, and its
effect to.relax the temperature fields is

Incident flow

Pig. 5. A flywheel design that incorporates a spoke surface oriented 90°
to the incident flow.
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convective heating load corresponding
to a 90° angle of incidence to the flow.
This modeling approximates the temperature field near a supporting spoke.
The surface temperatures with and without excess heating are shown in Fig. 9.

30,000 rpm

tz.

Fig. 7. The flywheel geometry used in
this thermal analysis.
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Fig. 9. Radial temperature profiles for
various flywheels with and without excess
heating at the rotor tip.
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Excess heating at outer radius (k •

insignificant since there are no thermal
gradients in the azimuthal direction due
to symmetry. However, a radial orientation of the composite fibers imposes a
higher radial thermal conductivity and
the radial distributions of temperature
become flattened. Figure 8 compares
the surface distributions for various k r
and k z values. Linear profiles are predicted, and the profiles cross at a common location that divides the region at
which the aeroheating dominates the
radiation cooling, and vice versa.

0.7

220

OS

Representative times to reach
steady-state are shown in Fig. 10.
Normalized temperatures; i. e., temperature rise above ambient to maximum
temperature difference, are plotted for
gas pressures of 10~2 and 10-3 torr.
Steady-state conditions are reached
after ~ 1 hr of continuous spin. When
excess heating is imposed at the outer
periphery, additional time is necessary
to relax the temperature fields.

1.0

I iVl

Fig. 8. Radial surface temperature
profiles for various thermal conductivities.
As suggested earlier, the effect of
protruding surfaces may have a pronounced impact on the temperature fields.
To investigate this behavior in a twodimensional model, the outer surface
at the rotor tip was impressed with a
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Both a uniformly thick plate geometry and the temperature distribution
within a Stodola disk geometry in which
the thickness varied inversely to the
square root of radius were examined to
demonstrate the effect of variable flywheel thickness. The temperature profiles are shown in Fig. 11. Near the
rotor tip of tne Stodola disk, less

Finally, a slip-flow calculation is
shown in Fig. 12. Maximum surface
temperatures at various housing/flywheel
gaps are depicted for a Kevlar wheel
spinning at 40, 000 rpm within an air environment at p = 10~3 torr. Gap distances have to be lower than the meanfree path to provide an effective conduction path to the housing, assumed to
be maintained at 70°F. Also, as the
distance becomes smaller, the heating
contribution due to viscous dissipation
is reduced. These calculations serve
as a lower bound to the temperature
fields since a slip flow is not absolutely
defined at this pressure.

cross-sectional area exists to conduct
the heat radially; consequently, the temperature fields are higher.
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Fig. 10. Transient temperatures at
various pressures with or without excess
heating at the rotor tip.
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Fig. 12. Maximum steady-state temperatures for slip/transitional aeroheating demonstrating the effect of the
housing flywheel gap spacing.
CONCLUSIONS
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A computer program has been generated for predicting flywheel temperature subjected to free-molecular or slipflow aeroheating. Allowances were made
to modify flow regime and flywheel geometry for either a steady-state or a
transient-time calculation. Additional
allowances were incorporated for composite materials with temperaturevarying spin rates and variable gas
properties.

rad < q conv 1

1.0

r/r

Fig. 11. The effect of a change in
geometry on the radial surface
distributions cf temperature.

The following conclusions have
been demonstrated by the code:
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1. For free-molecular aeroheating, gas pressures from 10~3
to 10~5 are necessary to avoid
steady-state temperatures
>50°F above ambient.

s =

t ijm j e x p (- ( s sin e)2 )
+ sfff (S sin 6) [l + erf (S sin 9 »

2. A gas of lower density produces
reduced heating effects.
3.

Protruding edges can cause
temperature-related problems.

4.

Increasing the thermal conductivity in the radial direction
relaxes the thermal field and
lowers maximum temperatures.

where
S = rwvfy/2a
THERMAL PROPERTIES OF KEVLAR
49/E POXY COMPOSITE
The calculations of this study use
the following thermal properties:

5.

Time to reach steady state is
typical of ~1 hr.

6.

For slip-ilow calculations, the
temperature field is decreased
by reducing the housing/flywheel
gap distance.

k = 1. 39 + 1. 11 x 10"3 T + 0. 442 x 10~6T2

Since thermal radiation plays a
major role in the heat transfer,
a nigh housing emissivity is
desirable.

Perpendicular to fibers

7.

Fiber direction

(Btu/ft/hr/°R)

k = 0.074 + 0.22 x 10"3T + 0.023 x 10" 6 T 2

APPENDIX

(Btu/ft/hr/°F) (T is in °R)

FREE-MOLECULAR HEATING
RELATIONSHIPS

p = 86. 4 lb/ft 3 ; C = 0. 3 Btu/lb/°R;
P

The heat-transfer parameters r'
and St have been derived by A. K.
Oppenheim7 for a flat plate inclined at
an angle 8 to the incidence flow (negative
angle yield back-surface heating). These
are given as:

2S 2

e = 0. 8; a = 1.0
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ABSTRACT
This paper presents the results of an investigation to establish realistic fluid
film bearing parameters and a passive magnet suspension system for the support of energy
storage flywheels in the range of 10 kW-hr to 100 kW-hr. A specific design for a three
lobe preloaded journal bearing and a shrouded step thrust bearing was established for a
10 kW-hr flywheel which weighs 1600 lb and has a maximum rotation speed of 12,500 rpm.
Equations are presented to assist in establishing the bearing design requirements for
other flywheel sizes. The magnetic suspension system designed to support 90 percent of
the flywheel weight operates in an attractive mode and incorporates a novel configuration
which provides a positive stiffness slope for the attractive magnet assembly.

INTRODUCTION
Point of consumption energy storage
can produce worthwhile economies. The use
of flywheels as the storage means is attractive but is limited by the continuous
energy drain of frictional losses. This
report will present the results of a study
that established realistic fluid film and
magnetic bearing performance parameters,
over a range of sizes of energy storage
flywheels from 10 kW-hr to 100 kW-hr. At
the 10 kW-hr size, a flywheel weight of
1600 lb (30 in. dia and 6 in. thick) and
a maximum speed of 12,500 rpm, in a vertical orientation, are representative conditions. A vacuum environment of 10"3 Torr
and an external ambient temperature range
of 60°F to 100"F are assumed for design
purposes.
Long life and reliability, coupled
with minimum power loss, are the design
goals. Power consumption is crucial,
since it represents a continuous drain in
the stored energy. In order to minimize
power consumption, a passive magnetic lift,
supporting up to 90 percent of the flywheel
we ight and utilizing no direct electrical
is incorporated in the design.

The principal performance factors governing
the flywheel suspension design were: power
loss; magnet support capability; magnetic
support geometry; fluid film bearing geometry; lubricant selection and distribution
system.
SUSPENSION CONCEPT SELECTION
FLYWHEEL SIZING
Prior to establishing the final configurations for both the magnetic suspension and fluid film bearing designs, it is
necessary to determine the range of support
needed, as the storage capacity of a flywheel is varied "over the range 10 kW-hr <
E < 100 kW-hr. For any flywheel, the
stored energy level is governed by the proportionality relationship: E % R^u^t;
where R = radius, u> = rotation frequency
(sec" 1 ), t = thickness. In addition, the
disk stress can be expressed as: a •*• R2&)2
and the weight by: W i. R^t.
If the allowable stress level is maintained constant for all flywheels, then the
product of rotational speed and diameter
(DN) is a constant. From this assumption
and keeping the R/t ratio constant, it can
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be shown that the following relationships
exist:
•

Flywheel weight; H - W

W x - 1.62 @ 250 psi W 2 - 3.24 @ 500 psi.

[|_]

° o
• Flywheel Diameter; D - D o [f-] 1 / 3

A total radial load of 60 lb,
from a 1° tilt and 46 lb from a 12
in. unbalance has been chosen as a
able design value. The calculated
ing data is presented in Table 1.

o
1/3

•

Flywheel Thickness; t • to l | - )

•

Maximum Flywheel Rotational Speed; N • t)Q l-jrl1'3

Calculations of flywheel size and
weight are based on a 10 kW-hr flywheel
with the following characteristics:
W

o

From the bearing's dimensionless load,
power and flow rate equations and the flywheel extension equations, the bearing performance parameters can be reduced (for
W/DL = constant) to:

JOURNAL BEARING SIZING
As a means for generating bearing
loss data prior to the selection of a
final flywheel bearing configuration, a
clearance ratio (radial clearance of the
journal bearing (C) to the bearing radius
(R)) of C/R = 1.0 x 10" 3 and a room temperature lubricant viscosity of Z = 5 centipoise was selected. This viscosity is
characteristic of commercially available
gyro-lubricants having a vapor pressure
of approximately 0.001 mm Hg at 181°F.
The bearing calculations are based on a
loading pressure of 250 psi and 500 psi
for the 10 kW-hr flywheel size.
For an elliptical bearing , the dimensionless load parameter is given by

W =

w

MNLD

(C/R)'
L
D

Viscosity,
lb-sec/in.2
Length, in.
Diameter, in.

The power loss is determined from
the equation
3 2
—
HP = 0.0042 [M
. 3 T, and its flow

Load Parameters W = W o

[^H
o

Power Loss H = H Q [-|-] [=-];
o
o
Flow Rate Q = Q

o

[-^-]
E
o

[-^].
-^
Qo

The calculated performance of the
elliptical bearing extended over the flywheel energy storage range 10 kW-hr < E <
100 kW-hr is based on the above equations.
The quantities W, T, and Q may be different
for different bearing designs and cannot
be related directly to a change in flywheel
size; however, for detailed design, a designer must be aware that specific bearing
geometries will produce somewhat different
normalized results requiring less general
calculations.
THRUST BEARING SIZING
The frictional power loss generated
by a thrust bearing is expressed as:
2-2
r where
'
V - viscosity; A

c

rate from Q = 7 NDLCQ where f = friction coefficient.

Table 1.

14 lb
x 10" 6
reasonbear-

The extension of the performance predictions listed in Table 1 to other flywheel sizes is performed as follows.

D = 30 in.
o
N - 12,500 rpm
o

o = 1600 lb
6 in.

At C/R - 1.0 x 10~ 3 and W/DL - 500
or 250 psi, the load equation reduces to

Journal Bearing Dimensional Performance Data; 10 kW-hr Flywheel.

Required
Operating
Bearing
Length and Maximum
Safe Load Power Loss Lubricant Flow Film Thickness
Design Pressure Diameter
10" 3 in.
Watts
lb
in.
in.3/sec
psi

r3

250

.49

210

29

6.3 x 10

0.25

500

.34

105

15

3.6 x 10'

0.17
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active area; h = nominal film thickness,
u = rotational frequency; r = mean radius.
Thrust bearing area is established by
setting the nominal design average pressure
to: p a v e = 800 psi and by establishing
the criteria that the thrust bearing inner area diameter will be one-half its
outer diameter. In addition, since the
magnetic suspension is to provide a significant portion of the gravity thrust
load, the fluid film thrust bearing load
can be expressed as W^ = aWf. Therefore,
the bearing load is reduced by a and the
bearing diameter by [a]-*-/2.
The thrust bearing power loss, as a
function of energy level to be stored in
the flywheels cannot be calculated until
the operating film thickness is established. The calculation of film thickness is
based on Fuller2 where an approximate film
thickness for a hydrodynamic thrust bearing is given by the relationship:
1/2
, where:
I
n
k
u

ave
= mean bearing length;
= pad size factor; taken as 0.44;
=hydrodynamic factor; taken as 0.04;
= mean velocity.

The smallest thrust bearing (10 kWhr flywheel @ a = 0.1) with a mean radius,
r = 0.69 in. at one-third its maximum
speed of 12,500 rpm has a mean velocity
of u = 301 in./sec, a mean bearing
of I = 0.434 in., and a calculated minim;
film thickness of h = 1.2 x 10" 4 in.
The bearing load, film thickness and
power loss equations can be used to calculate bearing power loss as a function of
flywheel size. To calculate the effect of
speed variation on power loss, the effect
of speed on film thickness must be taken
into account. It can be showi. that for a
fixed flywheel the power loss can be expressed as:
3/2

The results of the parametric thrust
bearing power loss study show that unless
fluid-film bearing loads are substantially
reduced below the actual flywheel weight,
excessive bearing losses are experienced.
As an example, at full speed a 1600 lb
thrust bearing load would produce a 3500
watt loss while a 160 lb load produces
only a 6 watt loss.
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MAGNETIC SUSPENSION SIZING
Magnetic suspension design became a
significantly important study when it became apparent that a magnetic lift was
essential to minimize the size of the fluid
film bearings. Both passive or active magnetic suspension can be used for flywheel
load support.
The electrical techniques for servoing
magnetic bearings have reached the level
of sophistication that it is possible to
obtain magnetic suspension actively. The
greater the ability to maintain passive
forces, the lesser the dependence on servoing and the associated electrical equipment
power requirements and propensity for instability or non-reliability. Therefore,
the present study considers only the passive magnetic lift where no servo technique
will be utilized.
As a part of this study, several types
of magnetic support bearings for the group
of flywheels in the energy storage range
of 10 kW-hr < E < 100 kW-hr were considered; these were: conventional attractive
design; repulsion design; new attractive
axially stable design.
Conventional attractive magnetic bearing designs all show axial instability or
a negative spring rate. This bearing type,
therefore, was considered and subsequently
discarded for this application. However,
the repulsion type magnetic suspension
ich results from the installation of like
magnetic poles across a bearing gap was
analyzed and solved for high coercivity
rare earth permanent magnets.
The following design equation, resulting from this analysis is (in the MRS system) used to calculate <he quasistatic
bearing capability: F = 3.375 x 1 0 4 w 2 l ,
w = width of magnet, I = dimensionless
force. For calculation of nonr;aal or tangential forces, the appropriate value of
I is obtained from Figure 1.
The 10 kW-hr size flywheel with a
weight of 1600 lb requires a magnet bearing support of 1440 lb. If a magnet width
of 1 in. is selected, then the total force
equation reduces to: EF Z = 70 n and the
total number of magnets required is n = 92.
The total magnet weight required to support 1400 lb is 54.28 lb.
Since the number of magnets is directly proportional to the required support
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repulsion magnet.

Fig. 2.

A simple axially stable
attraction magnetic bearing.

member which is fabricated from a soft magnetic material. When assembled, they form
a bearing configuration with each pole
piece of the stationary member facing a
slot in the moving member, shown in Figure 2.

force, which in turn is directly proportional to the energy storage level, then
the relationship
, E . can be used
n
l = no <E-}
in determining preliminary magnet requirements for other flywheels.
In a detailed design of the repulsion
magnet type suspension, the inclusion of
tangential eccentricities arid the inherent
negative radial stiffness must also be considered. This preliminary study, however,
shows the repulsion type magnet suspension
to be feasible and should be practical to
build from a manufacturing viewpoint.
NEW ATTRACTIVE AXIALLY STABLE DESIGN
The main objection to the use of the
usual attractive magnetic lift is that it
is unstable in the direction of suspension.
A new concept has been developed to overcome this deficiency.
the familiar attraction system
"bearing design utilizing the new concept has a stationary member composed of
permanent magnets and soft magnetic pole
pieces. The design also included a moving
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A stable axial attractive system is
achieved by saturating the iron pole pieces.
The saturated poles keep the total flux
constant as the air gap distance "g" decreases when the two members approach each
other. Saturation of the magnetic materials in the moving member will further
ensure this. The geometric configuration
allows two flux paths which can be divided
into two components, one in the radial
direction and the other in the axial direction. By choice, the reluctance of the
radial path decreases more rapidly than
the reduction of the axial path for a fixed
decrease in the axial distance "g". This
can be seen by considering positions (a)
and (b) of Figure 2. More flux will divert
in the radial direction, since the total
flux remains constant, this will result in
a decrease of the axial flux. Therefore,
the radial force will increase, and the
axial force will decrease. This is exactly the opposite of a normal attraction

system. The decrease in axial force, with
the decrease in axial distance, can be
accentuated furthermore by saturating the
moving members, thereby increasing the
axial stiffness. This concept is selected
for optimization since it presents a positive stiffness in the attractive mode.
Because of the circular symmetry, the
bearings will be neutral in the circumferential direction; in the radial direction,
it will also be neutral because the total
flux remains unchanged for any radial perturbation, due to saturation in the soft
magnetic pieces.

Table 2. Magnetic Bearing Dimensions for
a 10 kW-hr Flywheel.
Parameter
3 • Flux Density
o
H " Magnetic Field Strength

Units

Ferrite

Samarium-Cobalt

0.2000

0.4250

Telst

150794

337302

At/n

Mean aadius r

30.48

30.48

cm

Lengch lg

0.508

0.508

fflffl

Gap

i;

g" for open position

Gap "g" for closed position

1.524

1.524

am

0.508

0.508

tan

:

1.504

1.366

cm

Lra

0.851

0.389

cm
cm

C

4.887

2.093

Vertical Force for Open Position

725.0

725.0

kg

Vertical Force for Closed Position

532.0

516.,;

kg

1.27

ke

FINAL MAGNETIC SUSPENSION DESIGN
The permanent magnet assign problem
is, in general, to specify the permanent
magnet materials in terms of defined unit
properties and to arrive at a volume for a
given configuration which most efficiently
establishes the total field energy required
in the given space. The bearing calculations were performed by assuming a flux
path and then calculating the permeance in
order to determine the air-gap flux. The
total permeance establishes the point of
operation on the demagnetization curve.
It is essential that the permeance be evaluated very accurately in order to ensure
that the magnet operates at the optimum
point in the demagnetization curve for
miniaium weight. The optimum point of operation is defined as the point in the demagnetization curve where the product B m H m ,
or available magnetic energy, is maximum.
For the ferrite magnet, B m = 0.2 Tesla and
H,,, = 150794 AT/m at the optimum point of
operation.

Total Weight of Magnet

3.83

axial direction. Stationary magnetic
pieces are made of 65 permalloy radial
stampings separated by insulating material
of equal thickness. The radial laminations
with alternating nonconductive and nonferrous shims, serve the following functions: Circumferential flux flow is prevented if the shaft is off vertical and
the uniform gap is not maintained, thereby
reducing the non-uniform air gap flux
densities and, hence, the unbalanced magnetic pull; eddy currents, which might be
generated due to the non-homogeneity in
the flywheel and the insert materials, are
prevented. The soft magnetic rotor fabricated front a solid piece of supermalloy.

CALCULATION RESULTS
The magnetic bearing dimensions are
computed for a 10 kW-hr energy storage flywheel. The total weight of the flywheel
is about 725 kg (1600 lb) and the maximum
speed is 12,500 rpm. A large percentage,
but Jess than the total weight of the flywheel, has to be supported by the magnetic
bearing. Computations were performed for
both ferrite and Samarium-Cobalt magnets,
and are presented in Table 2. Material
used for soft magnetic pieces is 65 permolloy in the stator and Supermalloy, in
the rotating member.
Z

The variation of axial force with air
gap is shown in Figure 3. If the magnetic
lift force is set at any value between the
closed and open positions, the magnetic bearing will provide a stable system in the

«

Fig. 3
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.6

.0

1.0

*.2

1.4

Axial force versus
airgap "g"

1.6

l.«

The entire flywheel assembly will operate in a substantial vacuum, so that
windage losses will be negligible. The
rotor is modeled, as shown in Table 3 by
eleven stations. This model is successively used for all critical speed, synchronous response and stability (subsynchronous whirl) studies.

FLUID FILM BEARING DESIGN
The design for the journal and thrust
bearings of a 10 kW-hr magnetically supported flywheel includes the requirement
for low power loss and excellent rotordynamic performance.
Since the flywheel studied operates
vertically, special considerations are imposed on journal bearing selection, particularly with respect to subsynchronous whirl.
Figure 4 schematically illustrates the
vertical flywheel-bearing system.
The journal bearings are represented
by short cylinders, or "pintles," which
are designed with sufficient flexibility
to provide necessary damping via a radial
damping device. A fixed-pad, tapered land
thrust bearing is provided at the lower pintle for support of axial load.

t SCMWI
«' UMTHK)

The mathematical model given in Table
3 may be used directly in the critical
speed computer program. It is necessary,
however, to compute an estimated stiffness
of the pintle supports so that their
effects may be included on the critical
speed map.
PINTLE FLEXIBILITY CALCULATION
The pintles are treated as cantilever
beams; the stiffness, due to bending and
shear deflection, can readily be estimated
and combined to yield an "effective" stiffness. Assuming a simple cantilever beam,
the bending and shear deflections for steel
are calculated to be K^ d _ 2.76 x 105lb/in.
and K s h e a r = 2.084 x 10 6 lb/j.n., resulting
in an effective stiffness: K e f f = 2.44 x
105 lb/in.

J

30'0U.

Although the stiffness of the pintles
have been used consistently in the rotordynamics calculations, the geometry assumed
may change: for example, the length of the
pintles may have to be increased due to
space requirements for the thrust bearing
and damper. The stiffness, however, can
be fixed by providing the same effective
lateral stiffness. This would entail,
perhaps, boring out the pintles to a specified diameter or adjusting its active
length.

«"TWCX

N

SSWASCN
MHOCT U S E M U
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THUSTBUKINS «N0 O U K R

Fig. 4.

Table 3.
ROTOR DATA
MASS
NO. (L8S>

STAT

1 0.
2
3
4
5
6
7
8
9
10
11

0.
0,I
0.
.!l36£«03
0.1
.,136E«03
0.1
0.1
0,1
0,

Schematic of flywheelbearing system

Mathematical Model of Flywheel-Bearing System.

IP

LENGTH STIFF.
MASS
INNER YOUNGS HOD. OENSITV SHEAR MOO.
OIA.
DIA.
OIA. as/IN<"»2> <LB/IN«3> (LB/IN»»2)
(INI
6.000
0.000 •3000E+08 .283E»00 .110E*08
6.000
.250
0
0.000 .3000E*OB .283E*00 . U 0 E •OB
6.000
3.083
6.000
0
6.A00
0.000 .3000E»08 .283E*00 •110E»08
3.133
6.000
0
6.000
3.334
0.000 .3000£*08 .283E*00 .}10E»0e
6.000
0
0.000 .3000E*OB •283E.00 .uoE»oa
.1975E«O4
3.000 IS.OOQ 30,000
0.000 .3OO0E«0B .283E*00 •110E*0B
3.000 11.000 30.000
0
6.000
0.000 ,3000E«Oa ,283E*00 .!10E*0a
.1975E<04
2.000
6.000
0.000 ,3000E«08 •283E*00 .110E*08
6.000
6.000
2.000
0
0.000 .3000E«08 .283E«00 •110E»08
6.000
1.750
6.O00
0
0.000 ,3000E*08 .283E«00 .110E*08
6.000
.250
6.O00
0
0.000
0.000 ,3000E*OB .283£*00 ,110F*08
6.000
0.000
0
IT

(LB-!N«2»
0.
0.

C.
0.

o!
.39S0E»04
0.
0.
0.

BEARING STATIONS

2

10
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A critical speed map was prepared for
the following cases where the attractive
magnetic bearing coefficients included and
estimated at K r a d l a i = 0; K a n g u l a r =-6.74x
10 J in. lb/radian. The critical speed map
is shown in Figure 5.
With reference to the critical speed
map the observations can be made that:
the flywheel rotor has to traverse through
one, and possibly two, critical speeds to
reach the maximum operating speed, depending on the actual bearing stiffness. It
snould be noted that the first critical
speed is characterized by a cylindrical
whirl of the rotor in its bearings and the
second critical speed by a conical whirl
of the rotor in its bearings.
As will be shown later, the high
stiffness pedestals yielded unsatisfactory
performance, both from a stability and a
synchronous response viewpoint.

)

f*mm * I2S00 WW

2

9

The calculations also indicate that
extreme care must be taken in the manufacture of the flywheel, with particular
attention paid to the misalignment angle
<)>, between the shaft centerline and the
principal axis of the flywheel disc.
Large dynamic loads could result in bearing overloads.
Although the angle between the spin
axis of the flywheel and its principal
inertia axis must be held to a value of
less than <|> = 0.001°, manufacturing procedures and present machine tool capability are available to assure that this condition can be met.
PEDESTAL DAMPING FORMULATION
Pedestal damping of a translational
(or radial) nature will be provided in the
form of a thin film of lubricant, similar
to a journal bearing except that rotation
does not occur. The damping forces in the
pedestal will limit synchronous whirl of
the flywheel-bearing system.

K_ • * G.T4E3-T5J-

.

It should be noted that this dynamic
load varies in direction as a synchronous
vector with constant magnitude.

5

Iff

2
8
10°
Z
9
BEMtO STIFFNESS, ft/In
FUIT HOMES CONSTANT FED STIFFNESS OF 2 4 E S I b / h '

From short bearing theory, and for
eccentricity e =. 0, and L/D ~ 0, the damping is calculated from:
IT
,L. 3
( }
"radial = 2
C
(Full Film). The damping can be supplied,
as an example, by a single ring.
A damping value of 200 lb sec/in,
obtained from a 2 in. dia x 2 in. wide x
.001 thick oil film was used in the stability and synchronous response calculations as a first approximation for the
required level of damping.

Fig. 5. Critical speed map; 10 kW-hr
flywheel; attractive magnetic
bearing; flexible pedestals.

JOURNAL BEARING SELECTION
DYNAMIC BEARING LOADS
A vertical rotor can have bearing
loads resulting from misaligning the plane
of the disk flywheel with respect to the
spin axis. It can be shown that the dynamic load on each bearing (for a symmetrical rotor) is given by:
sinif>
R

This design is appealing since no
"tilting" is required to load the bearing;
the geometry provides the load. Thus, the
flywheel-bearing system may be operated
such that the static rotor centerline is
truly vertical.

and for a t h i n d i s k and small angle ij>
( r a d i a n s ) , t h i s equation reduces to

I

Because of its excellent stability
characteristics, the preloaded three lobe
bearing, as shown in Figure 6 was considered in place of the elliptical bearing
as the design for use on the flywheel
rotor. Reference [3] provides most of the
necessary information from which the
steady-state and dynamic characteristics
may be determined.

$
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There is some uncertainty, however, that
JOURNAL
the geometry of the lowest loss case will
RADIAL CLEARANCE yield a stable system and/or show a satisC~
factory synchronous response. Thus, additional parametric studies are required.
DYNAMIC BEARING COEFFICIENTS
Reference [3] provides tables of
dimensionless stiffness and dampness coefficients for various preloaded three lobe
bearings operating in vertical rotors.
Also, we have K
= K._. = Radial Stiffness;
xx
yy
- K
K
= Cross-Coupling Stiffness;
yx
xy
- B
Radial Damping; B,
yx
xy
xx
yy
= Cross-Coupling Damping.
Actual (dimensional) values of
stiffness and damping are computed from
the following equations
GROOVE

(|)2 uNLD

K
Fig.

6.

typical

Schematic of preloaded three
lobe bearing

(|)2 pNLD
typical
fi«ference [3] a]30 provides dimensionless friction force coefficients as a
function of bearing geometry and preload.
The dimensional friction force can be computed from
{} = pNLD

when the quantities in {} are obtained from
Reference [3].
STABILITY ANALYSIS

(|) uNLD (£)"

(•jb W> where {} is the dimensionless
quantity obtained from the appropriate
table in Reference [3].
For u = 0.75 x 10~ 6 reyns; N =
12500/60 = 208.3 rev/sec; L = D = 0.50 in.
The horsepower loss per bearing may now be
computed from

Damped natural frequencies and associated log decrements were determined for a
number of cases of preloaded, three-lobe
bearings. Figure 7 indicates the sharp decrease in log decrement when the radial
a
«
4
!
0

1
N
1

1

Bearing

=

63025

1

'

where R = journal radius in inches; N =
rotational speed in rpm. For N = 12500
rpm and R = 0.25 in., the hp/bearing =
0.0496 F f .

1.

\

1

V.

V

NJ
N^

1MS1MLE

:

j

i
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Since the horsepower loss is of utmost importance, we will naturally examine
the configuration which yields the lowest
loss.

PED. K-«Z5OIB/«l
in
M> 0.31b
0005

This design study indicates that the
lowest power losses occur when the set-up
clearances are the largest. This is to be
expected for the vertical rotor.

Fig.
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0007
.001
C m ,aEWNG UDULCUAIUNCE (IN)

7. Log decrement S versus
clearance C m , three lobe
journal bearing.

clearance became larger than 0.0005 In. It
should also be noted that flexible pedestals
were included for all runs, with K
ped
81250 lb/in. and B
200 lb sec/in.

ped

Assuming that the synchronous response
is satisfactory, the final bearing design
for the 10 kW-hr flywheel is a 1/2" x 1/2"
preloaded (m = 1/2) three-lobe bearing having a machined radial clearance of 0.000500
in., a set-up radial clearance of 0.000250
in., and a power loss of approximately 21.6
watts.

mils occurred at bearing 1. This level
of unbalance is clearly unacceptable,
as it exceeds the steady-state clearance
of 0.250 mils. However, for an unbalance
of 0.1 oz-in., the semi-amplitude at
bearing 1 can be reduced to 0.0252 mils
which represents a very acceptable level
(10 percent) of dynamic whirl.
THRPST BEARING DESIGN AND PERFORMANCE
Hydrodynamic fixed-pad thrust bearing
calculations were made for the flywheel
rotor-bearing system with reference to the
procedure given in Reference [4].

SYNCHRONOUS RESPONSE

The steady-state load was assumed to
be 10 percent of the total flywheel weight,
160 lb. Calculations were based upon a
maximum shaft speed of 12500 rpm, a coefficient of viscosity of 0.75 x 10~ reyns,
and a six-pad bearing.

Synchronous response calculations corresponding to both static and dynamic unbalance were made using the dynamic bearing
coefficients determined for the three-lobed
bearing.
Response calculations for these bearings assumed unbalancss of 1 oz-in. at
all planes; results of this analysis are
shown in Figure 8 for both in-phase and
out-of-phase unbalance. The major semiamplitudes are plotted as a function of
rotor speed.

Results of three cases are summarized

below

For 1 oz-in of dynamic unbalance,
the maximum semi-amplitude of 0.252
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Synchronous regppns.e three lobe bearings; (m = 1/2),
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13,000

15,000

In order to minimize power loss, it
appears that as small an OD as possible
should be selected. Manufacturing
considerations may, however, dictate a larger than optimum outer diameter. In any
event, the thrust bearing power loss represents a substantial and probably a major
portion of the total fluid-film fricticnal
loss in the flywheel bearing system,
SUMMARY
A viable suspension has been established to support a 1600-lb, 10 kW-hr energy storage flywheel. The flywheel design
consists of a flat disk, vertically oriented, with fluid film journal bearings at
opposite ends of its axle. This concept
permitted the positioning of a small thrust
bearing at the lower axle and a partial magnetic suspension system to act directly on
the wheel's lateral surface.
Based on analysis, fluid film journal
bearings incorporating a three^lobe design
will provide adequate load capacity. When
combined with the flexible pedestal concept employing an extended pintle and dashpot, the bearings maintain sufficient rotor
response control. An evaluation of rotor
response has established that required
levels of rotor balance and orthogonality
Df the rotating inertia mass to its spin
axis are reasonable and achievable by
present manufacturing techniques.

In conclusion, the successful completion of the flywheel's suspension system design would indicate that extension of that
design to a finished test vehicle would provide the necessary tools to evaluate both
the basic designs and the scaling factors.
It is recommended, therefore, that a rig design be implemented and that construction
and testing of the suspension design, both
for the magnetic and fluid film systems be
undertaken.
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A new method of designing magnetic
bearings has been presented. The method
uses a concept which makes an attraction
system with soft magnetic pieces stable in
the axial direction. The conventional attraction system is only stable in the transverse directions and requires servo techniques for stability in the axial direction.
The new design develops a passive attraction
system which is stable in the axial direction and neutral in the transverse direction.
The means for extending the 10 kw fluid
film bearing design to flywheels of other
energy storage levels is also presented.
The extension of magnetic suspension design
to other wheel sizes is also explained. Because of its complexity, the totordynamic
analysis does not lend itself to parametric
curves for extending performance to other
inertia systems. The procedure for the dynamic analysis must be employed after preliminary sizing is accomplished.
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ABSTRACT
This paper summarizes work performed by The Charles Stark Draper Laboratory,
Inc. during a Sandia Laboratories sponsored contract (No. 07-6996) for the analysis
and test of ball bearings suitable for vehicular flywheel applications. Particular
emphasis was placed on the CSDL full complement retainerless concept which prior
research indicated had extremely low losses and long life at high speeds in a vacuum
environment. The primary accomplishments during the first six months of this 12month program were the procurement and modification of test bearings, the design and
construction of a test fixture, and the development of a theoretical representation of
the bearing losses. The primary accomplishments during the second half of the program were the development of a good data base for the test bearings and a ball bearing
performance prediction model. This performance prediction model was formulated by
combining the experimental data base with the theoretically derived model and allows
the optimization of future ball bearing configurations for vehicular flywheel systems.
Three sizes of standard bearings were modified to the full complement retainerless
configuration. These modified bearings and one set of standard retainer bearings
were tested during the contract. Friction losses were obtained for a variety of radial
and axial loads and the results integrated into the performance prediction model.
INTRODUCTION
The Charles Stark Draper Laboratory
Inc. (CSDL) is currently under contract
to Sandia Laboratories for the development of an "advanced flywheel bearing
performance model" (Contract No. 076996). This development deals with
bearings for vehicular applications and
places particular emphasis on the CSDL
retainerless bearing concept. This
paper summarizes work performed during
this contract and outlines possible future
research. The following paragraphs summarize the background of this problem,
as well as some of the problems associated with flywheel bearings and the
solution to these problems.
It has been generally recognized
that a high-efficiency energy-storage
element will be necessary for the construction of effective hybrid and electrical vehicles. Flywheel energy storage
has many characteristics which make it
particularly well suited for this application. This flywheel storage element
would be used as a storage node for r e generative braking energy and might be
utilized for other power averaging functions such as hill climbing, acceleration,
or other high-powered modes of operation.

The three primary characteristics of
flywheels which make them particularly
well suited for this application are highpower density, reliability, and long life.
The last two lead potentially to low life
cycle cost. Despite these advantages,
flywheels have several unique technical
problems associated with them which
must be addressed. These problems
revolve primarily around increasing the
overall efficiency of the flywheel to an
acceptable level by reducing the aerodynamic, bearing, and possible seal losses.
The aerodynamic losses at high flywheel
speeds require a relatively high vacuum
which in turn demands either a low-loss
bearing that will operate in a vacuum
environment or rotating seals which
characteristically have substantial losses
associated with them, especially at high
speeds. The bearing design problem is
complicated by the reaction torques of
the rotating wheel during vehicle dynamics. These torques, without careful
system design, can create a hostile
bearing environment.
The bearing requirements for a
vehicular energy-storage flywheel must
include: stability, reliability, fail-safe
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operation, low loss at high speed, temperature insensitivity, and substantial
capacity for combined and shock loads at
zero speed, at high speed, and in vacuum.
Advanced retainerless ball bearings represent an ideal candidate for this application. These advanced bearings are
characterized by long life and low power
dissipation, and are well suited for operation in a vacuum environment. These
bearings consist of standard commercially
available ball bearings, suitably modified
for operation without the conventional ball
retainer (also called the cage or ball
separator). In conventional ball bearings,
the retainer is subject to violent instabilities of various types which are particularly troublesome in vacuum operation
and typically treble the driving torque
demand of the bearing. This problem is
eliminated with retainerless operation as:
a) There is no possibility of
retainer instability.
b) An optimum oil supply and scavenging system can be provided to
to ensure adequate EHD lubricant
film thickness in all the ball race
contracts, without introducing
excess oil and unnecessary viscous drag.
The results are long reliable life and
minimum friction loss. There are no
known disadvantages resulting from r e tainerless operations. A prior CSDL
program* has produced prototype retainerless bearings designed to replace the
spin axis bearings in the Skylab Control
Moment Gyroscopes which had suffered
failures in space triggered by retainer
instability. These retainerless bearings
have successfully passed every performance test during their development, and
a pair is currently on life test at more
than 8000 hours in vacuum, without difficulty.
DEVELOPMENT EFFORT
Summary of Work to Date
The goal of this research program is
to develop a performance prediction
model for ball bearings based on experimental data combined with a theoretical
model. The object is to have a design
tool available to assist in the optimization
of the flywheel bearing set when other
system parameters become available.
The following summarize efforts during
the first half of the program:
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a) Four sets of angular contact ball
bearings of various sizes were
acquired. Three sets were modified
to the full complement retainerless
configuration while one mid-size set
was not modified.
b) An appropriate test fixture was designed and constructed.
c) An analytical model for the bearings
was formulated and a corresponding
computer code generated.
The following work was accomplished during the second half of the program:
a) A series of tests was conducted
on each of the four bearing sets to
obtain the bearing losses as a function of speed under various axial and
radial loads.
b) A detailed performance prediction
model for retainerless ball bearings
was developed by combining the
experimental results with the theoretical model. A more limited performance prediction model for standard ball bearings a l s o was developed.
c) A final report is currently being prepared presenting the results of the
research and recommendations for
further research.
Test Bearing Construction
Angular contact bearings of standard
inertial geometry in three sizes, spanning
the range of interest, were procured for
this program, as shown in Table 1.
The outer race dams on these bearings
were ground away to eliminate ball damage
in the assembly process. They are all
thus "fall aparts" in the full complement
configuration.
Since no long-term running is contemplated in these tests (the driving torques to
be measured in the near-term steady state
after run up), no provision for an oil supply was required.
Oil in controlled amounts was applied to
the balls by evaporation from a dilute solution in Freon before assembly. This
method has been perfected in other programs and allows sufficient running time
to make the torque measurements without
any damage to the bearings.

Table 1. Angular Contact Bearings

1 Size

Geometry (inches)
Bore

Width

OD

Fill
Ball
Diameter Complement

100H

0.3937

0.3166

1.0236

0.1875

11

105H

1.2910

0.4740

1.8504

O.2bOO

17

108H

1.9385

0.5922

2.5772

0.3125

21

The quantities required at each contact
on each ball a r e :

Bearing Loss Analytical Model
Absence of the ball retainer and of
uncontrolled bulk lubricant in the full complement configuration eliminates four of
the energy sinks discussed for conventional ball bearings.
There remain three
sinks to be considered in a theoretical
formulation of a retainerless energy d e mand model:
a) Shear losses in the EHD films due
to linear velocity differences (slips)
between the load-carrying surfaces.
b) Shear losses in the EHD films due
to angular velocity differences
(pivoting) at these contacts.
c) Hysteresis losses in the elastic
deformations of the metal parts as
they pass through the loaded contacts.
One additional sink, which is peculiar to
retainerless operation, involves losses at
the ball-ball contacts.

Normal load
Maximum hertz
pressure

N

Hertz major semiaxis
Hertz minor semiaxis
Contact angle

a

in.

b

in.

B

deg

Ball orbit rate

S

rad/s

Ball spin rate

s

Ball spin orientation
angle

max

lbf
lbf/in

rad/s
deg

Individual contact losses are then calculated according to the equations developed in
the following sections and summed for the
whole bearing to get the theoretical energy
demand.
Hysteresis

The initial version of the loss model
involves only i t e m s b) and c). The ballball l o s s e s a r e expected to be small
because the ball-ball forces and contact
a r e a s a r e known to be small compared to
those at the ball-race contacts. The slip
losses a r e not accounted for initially b e cause slips a r e known to be small in the
pure axial load cases. It is hoped to use
a comparison of the axial and combined
load r e s u l t s (both test and analytical) to
estimate the overall importance of slips
for later iterations of the model.

The hysteresis losses are estimated
based on the work of Drutowski^, who
found, for a hard steel ball rolling
on a similar flat, that the rolling
resistance force could be represented
by a power law as a function of normal
load. The loss equation is

for the outer (o) and inner (i) contacts on
the jth ball.

The h y s t e r e s i s and pivoting losses
depend on specific conditions at each contact, which a r e , in general, different at
each ball and also different at the inner
and outer r a c e contacts on the same ball.
An existing computer program due to
Jones^ i s used to calculate these individual
contact conditions for the bearing sizes and
operating conditions of these t e s t s .
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Pivoting
The pivoting losses are estimated based
on the work of Johnson5, who found that his
(and others) experimental traction results
at high pressure could be explained as follows: "at high pressure the (EDH) film
exhibits a critical shear stress which is
approximately proportional to the pressure

and decreases slightly with temperature,
somewhat similar to a granular solid.
This hypothesis leads to an approximately
constant 'coefficient of friction1 independent of film thickness, as would be observed
in dry sliding or boundary friction. " This
is a great simplification for the purposes
of the present work, as it eliminates calculation of the EHD film thicknesses. On
this basis, the pivoting torque at any contact is
(2)
where ri is the Johnson coefficient and the
integral is taken over the contact area.
The loss equation for the jth outer (inner)
contact is
j L p(o,i) = (3.17xlO~2) jPmax(o,i) j f i
(o,i) (watts)
where fi is the pivoting at that contact.

(3)

For the first iteration of the loss
model, it is assumed that the ball spin
vector is always normal to the line of contacts (<j> = o). In this case the pivotings
are
and
(4)
This is equivalent to assuming a fixed
division of the pivoting between the inner
and outer races (it is kineruatically impossible to have zero pivoting at both races
simultaneously). In later iterations, values of 4> for minimum total pivoting dissipation will be sought numerically.
Some hand estimates based on these
considerations resulted in pivoting losses
consistently higher than the hysteresis
losses. Since the pivoting losses do not
depend directly on the size of the bearing,
this suggests that for a given load there
may not be a large loss reduction in going
to a smaller bearing.
CONCLUSIONS AND FUTURE RESEARCH
It is anticipated that the bearing performance model would be used in a future
development program, along with the
characteristics of other flywheel components, in order to specify an optimum
vehicle flywheel module. After the flywheel module is specified, the bearing
performance model would be utilized in
the design of an optimized bearing set.
The optimized bearing design would include
determination of bearing size, rotational
mode, internal geometry, oil supply rate.
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and determination of mounting details. The
development of a specially tailored lubrication supply and scavenging system would
also be required. Although the lubrication
problem has been successfully handled on
prior CSDL programs, it was not addressed
during the current program in order to
direct the resources toward more extensive
testing. The technology generated during
this contract will allow an optimized design to be obtained in a very cost-effective
manner. After the bearing is developed,
it should be tested extensively under anticipated conditions of vehicle static and dynamic load.
To determine the specifications of the
flywheel module bearings, one must start
with the vehicle and its operating environment. The flywheel module would be
designed for use in some class of automobile (forinstance,a 3000-pound family
car) in which the flywheel would be able to
store the energy of a couple of stop/start
cycles. Past government studies on a
similarly sized vehicle have used flywheels with about 2/3 horsepower-hour
capacity (1/2 kWh). Parameters such as
steady load and speed are determined to a
large degree by the car size and flywheel
material. To specify values for transient
load capacity and bearing stiffness, it is
necessary first to model the vehicle dynamics. This would involve a model of
the vehicle suspension and allowable road
irregularities. A characterization of the
amplitude and frequency of vehicle body
motions, coupled with a knowledge of
gyroscopic forces inherent in the flywheel,
leads to a calculation of loadings on the
bearings. There is a trade-off involving
speed, bearing strength, torque, etc., so
the above analysis must be done parametrically.
An analysis of other factors is also
necessary before attempting to define the
bearing. Losses such as windage and
vacuum pumps must be modeled in order
to optimize flywheel shape and speed.
Once equation^ are defined relating bearing
loss, windage, flywheel shape and material,
spee'', and loads, a "strawman" flywheel
module can be designed, taking into account
geometrical constraints and other factors.
At this point, one has a set of nonlinear
equations describing the vehicle and flywheel module systems. A computer program could then be written to optimize
some figure of merit for the flywheel module (for example, the energy storage efficiency for a driving cycle). The outputs of

the computer program would be the flywheel operating parameters and the bearing design specifications.
The retainerless configuration showed
considerably higher reliability during the
test period together with somewhat lower
losses when compared to retainer type
bearings. The original premise of the program that this type bearing was i d e a l l y
suited for high speed flywheel applications
was confirmed.
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SEAL STUDIES FOR ADVANCED FLYWHEEL SYSTEMS
I. Anwar
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ABSTRACT
A seal application for an advanced flywheel system where housing pressure (vacuum)
is equal to \0~l* torr is being investigated. Many conventional types of seals can be
ruled out due to such extreme pressure conditions. For a dynamic sea! to work successfully, it should develop a compression ratio of 10 6 magnitude during its normal operation. In view of this, the principle of molecular vacuum pumps, where pressure ratios
of this magnitude are obtainable, is being examined. It is believed that a fiywheel seal
system based upon molecular vacuum pump principles on the vacuum side and upon viscous
flow principles on the high-pressure side can be developed. For future work, a design
study is recommended where the concepts of molecular drag and turbo pumps are combined
with one of the conventional configurations of the viscous pumping seal.
INTRODUCTION
The present study involves a review of
various types of seals with the purpose of
identifying seal concepts that could be successfully applied to an advanced flywheel
system. Two specific applications are considered. These are:
Automobile
Flywheel
Speed

Since the seal is a part of the vacuum
system, a definition of the overall system
is required. At this stage one could visualize two basic systems. These are:
1, A vacuum pump is employed to
lower the flywheel housing
pressure to \Q~h torr and then
continues to operate at reduced
capacity in order to maintain
the inside pressure within the
prescribed limits. A system
with this approach can tolerate
some leakage from the seal.

Peak Power
Flywheel

= 40,000(rpm) = 12,000(rpm)

Shaft dia. : 25.<» to
= 76.2 to
50.8(mm)
101.6(mm)
1 to 2(in.) 3 to M l n . )
Vacuum
Wheel
capacity

2. A vacuum pump is used to lower
the flywheel
housing pressure
to 10"1* torr and is then shut
off. In this case the seal
should have zero leakage at prescribed pressure levels and
should act as a pump to cope with
any small pressure changes in
the housing.

^ 10
= 10(kW-h)

The basic criteria for the selection of
a seal are: small leakage, low energy consumption, and long useful service life.
The secondary criteria are: material,
manufacturing cost, auxiliary requirement,
failure mode, and experience.

The second system is, of course, more desirable because of reduced energy requirements.
PERTINENT DEFINITIONS
1. Mean free path is defined as an average
distance traveled by gas molecules between collisions and is given by: 1 > 2 > 3
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X = 2.331 x 10T20 L- (cm)
where P = pressure in torr, T = absolute temp, in °K, and <5 = molecular
diameter in cm.
2. Gas flow is characterized by a parameter called Knudsen number de'ined as:
N =i
K c
where A = free mean path, c = physical
chamber dimension
N., < 0.01
K

REVIEW OF SEALS
Seals can be divided into two general
categories: static and dynamic. Static
seals include 0 ring seals, metal diaphram type se:ils,and gaskets. For the
present application, static seals are of
no interest. Dynamic seals can be categorized by their motions - rotary, oscillatory,
and reciprocating. For flywheel applications, only rotary dynamic seals will be
considered.

Continuum Flow (viscous)

0.01 < N,. < 1 Transition Flow (slip)
NK>.

Molecular Flow

Since X is a function of pressure,
changes in pressure will cause changes
in flow regimes.
3. An accepted terminology for the degree
of vacuum below atmospheric pressure is:
Low Vacuum
Medium Vacuum
High Vacuum
Very High Vacuum

760 torr to 25 torr
25 torr to 10- 3 torr
10- 3 torr to 10- 6 torr
10- 6 to 10- 9 torr

Dynamic seals exist in many configurations and sizes and can be classified in
numerous ways. However, their operation can
be described in terms of a few fundamental
principles. Zuk 5 gives the following classification:
A. Positive (rubbing) contact: mechanical face, circumferential, lip,
soft packing;

k. Gas flow in vacuum technology is defined as:

B. Close clearance: hydrodynatnic,
hydrostatic, floating bushings;

Q = SP

C. Fixed geometry clearance seals:
fixed bushing, labyrinth;

where S = speed (liter/sec), and P =
pressure (torr), Q = throughput (torr1iter/sec).
Conductance = ~

where y = absolute viscosity of gas;
to = angular velocity of moving surface;
P a = ambient pressure; ft =_outside
radius of bearing; c -nominal clearance of film gap. If A < 5 compressibility effects may be neglected. In
general, the compressibility effects
reduce the increase in pressure in gas
bearings and seals.

D. Control of fluid properties:
freeze, ferromagnetic;

(liter/sec)

E. Control of fluid forces: centrifugal, screw pump, magnetic.

5. The ratio of velocity of flow to the
velocity of sound is known as the Mach
number.

In view of the flywheel application,
many types of dynamic seals can be eliminated. These include: positive rubbing types
hydrostatic fixed bushing, and labyrinth.
Seals based on the principle of ferromagnetic, magnetic,and freezing phenomena are
not to be evaluated in the present study.

M = u/c
where u = velocity of flow, c = velocity of sound.
If M < 1, the flow may be considered
incompressible. In theory of lubrication, compressibility or bearing number
is defined as:1*

131

The seals that were found to be of interest for the flywheel application are the
ones that have pumping capability. These
include: centrifugal, spiral groove, and
viscoseal (screw).

Since the pressure is 10-1* torr on
the vacuum side and 760 torr on the high
pressure side, a seal in this application
will operate in three different flow regimes. These are: molecular, transition,
and viscous. The review of seal literature indicates that most work has been
done in the viscous regime with the exception of a few studies which have been extended in the transition regime. Therefore,
the performance of these seals was evaluated only for viscous flow conditions.

The theory of spiral groove bearings
is considerably developed,and the same results could be used for spiral face seals
for preliminary analysis. Investigations
cover viscous as well as transition regimes.
Since the compressibility number is small
( a 5 ) , results of incompressible flow
can be used to estimate the performance.
Flat Thrust Bearing without Transverse
(Radial) Flow for Viscous Conditions
Pressure Distribution:

EVALUATION OF SEAL PERFORMANCE

3nurz

The evaluation of seal performance of
pumping type seals indicated that only two
configurations have the potential for flywheel application. A description of both
of these seals is given below along with
the expressions that govern their performance.
SPIRAL GROOVE**
A spiral groove face seal is shown in
Fig. I. A radial pressure gradient develops
when there is relative motion between the
flat and the grooved surface. The direction of the pressure gradient will depend
on the direction of rotating member and the
groove orientation. Therefore, a spiral
groove seal could be made either inward or
outward pumping. Very often spirals do not
extend across the full width of the seal
but terminate in a circumferential sealing
dam. The purpose of this dam is to restrict radial leakage during operation and
at shutdown.

(I-X2)g

(<X,H,Y)C

(a,H,Y,A,k) (l)

Bearing Load:
W=

(2)

2h2

Fractional Torque:
(l-Xlt)g2(a,H,Y)

(3)

2h2
where gj, g2» Cj and C 2 are functions of
groove configurations and are given for
optimum geometry.1* The symbols are defined
in Fig. 1.
It is noted that the pressure developing capability of the spiral groove configuration Is reduced when there is a radial
flow. The performance of inward and outward pumping bearing is discussed in the
literature.1*
Table 1. Performance of spiral groove
bearing. (Without radial flow)
outside dia. - 76.2 (mm) 3 (in.)
inside dia. - 50.8 (mm) 2 (in.)
axial clearance = 0.0025 (mm) 0.001 (in.)
2
li..
= 1.8
l.8x
10"5.(N
x 10
( sec/m
c/m )
M
air
9
?.62 x 10- (lbf - sec/in2)

k Wt =
i) =
ho =
At =
a, =
at =

number of grooves
total load (N)
viscosity (N sec/m2)
groove depth (m)
film height (m)
groove width (m)
ridge width (m)

<u = angular velocity (rad/sec)
H = Aj/Ai
5 = At/Ao = W(l - « )
y = oi/oi
he » ho

A =

nln

Fig. 1. Spiral groove configuration
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Speed
(rpm)

(increase
in pressure)

Power
Loss
(watts)

20,000

12.4 x I0 3 (M/m2)
1.8 (psl)

6.1

40,000

24.7 x 10 3 (N/m2)
3.6 (psi)

24.3

The effect of gas rarefication has
been considered.6 The analysis was carried
out for Knudsen number 0.01 - 1.0. The
results indicate substantial reduction in
the performance of spiral groove bearings.
VISCOSEAL (SCREW TYPE) 7 ' 8

where a, B, Y. and tan a are seal configuration parameters and are shown in Fig. 2.
Re c (Reynolds number) * pUc/u, N K (Knudsen
number » A/c, p « density.
The power loss is given by:
q

The viscoseal is a rotating device
which will develop an axial pressure gradient in the fluid annulus around a shaft
by means of a helical groove located either
on the shaft or sleeve. Figure 2 shows the
basic arrangement of the viscoseal.

, [$] ^MDLU2

(7)

[$] is a dissipation function and is f(Re c ).
The values of A and <j> can be found in
Ref. 7 . 8 .
Sample calculations were carried out
for the present application where a seal
operates in viscous regime. Table 2 shows
these results.
Table 2. Performance of viscoseal (optimum
geometry.
0 - 50.8 (mm) 2 (in.)
L - 2.45 (cm) I (in.)
c - 0.0025 (mm) 0.001 (in.)
U . = 1.8 x 10" 5 (N sec/m2)
31 r
2 .62 x 10-9 (lbf - sec/in 2 )

O'U-y)-r0tona

a * Helix angle
B « (h + c)/c
Y - b/(a + b)

Ap

Power
Loss
(watts)

20,000

12

18.8x10*(N/m2)

5.95

40,000

Considerable theoretical and experimental
work has been done for viscous flow conditions, while limited investigations have
been carried out for rarefied gas conditions.
The performance of a seal is generally expressed in terms of a sealing coefficient
defined as:

(4)

c2Ap
where JJ = viscosity, U = linear velocity,
L - axial length, c - rad. clearance, and
Ap = increase in pressure
For viscous flow:
A"» f (a, B, Y» tan o, Re c )

A for
Zero Flow

2.74 (psi)

Fig. 2. Visco seal.

6 U UL

Speed
(rpm)

(5)

11.4

<l
2
39 .2xlO (N/ni )

19.9

5.7 (psi)
For transition flow conditions, it has been
shown that degradation in performance of a
seal occurs. 9 * 10
REVIEW OF MOLECULAR VACUUM PUMPS
For a seal to work successfully for the
flywheel application, it should develop compression ratios of the order of 10 6 during
its normal operation. A preliminary review
has indicated that compression ratios of
that magnitude are achieved by molecular
vacuum pumps. This led us to review the
principles and constructions of various
types of molecular pumps.
MOLECULAR DRAG PUMP 3 . 11

For transition flow*
In 1912 Gaede introduced a type of
A » f (a, B, Y» tan a, l O

(6) mechanical pump which works on the principle of imparting momentum to gas molecules
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preferential)y in the direction of the
desired flow. In the molecular drag pump
there is an open passage from the inlet to
the outlet, between which a pressure differential is maintained by the high-velocity
motion of one side of the passage relative
to the housing of the pump in which the
inlet and outlet are located.

Molecular Flow

(9)

Pa _ S h )

where K =

5 x IP'1* (rf

9.71

p - absolute viscosity of gas
M = molecular weight of gas
T = temperature
For air at 20°C K = 1.62 x 10" 5
Based on the simple design described
above, Gaede built a multistage molecular
vacuum pump where compression ratios of the
order of I06 were achieved. The degree of
vacuum produced is significantly affected
by the speed of rotation and fore-pump
pressure. Table 3 summarizes these effects
for the Gaede pump.2

(a) Principal of the molecular drag pump.

Table 3. Effect of speed of rotation on
degree of vacuum obtained with Gaede molecular pump.
(b) Plane representation of the
molecular drag pump.
Fig. 3.

Speed of
Rotation
(rpm)

Rough-Pump
Pressure,

12.000
12.000
12.000
12.000
6.000
2.500
8.200
8.200
8.200
6.200
6.200
4,000
4.000

0.05
1
10
20
0.05
0.05
0.1
1
10
0.1
1.0
I.I

Gaede molecular pump.

In Fig. 3 the principle of the molecular-drag pump is illustrated. A cylindrical member rotates within a casing with
a radial clearance h between them. At the
top of the cylinder the clearance space is
blocked by a projection of the cylinder
wall which reduces the clearance locally
to essentially zero. At either side of the
projection the clearance passage opens into
a closed volume. If there are no leaks
in the system the total amount of gas in
the system remains constant, but some gas
is shifted by the motion of the rotor with
a reduction of the pressure Pj and increase
in the pressure P2 . The equilibrium relationship between P\ and P2 depends upon
the rotational velocity of the rotor and
upon the pressure regime in which the
pump is operating, i.e., whether viscous
or molecular flow is involved in the process.
The following gives governing relations
in two different regimes.

Viscous Flow
P2 - Pj =

P,,,m

1

a

Pressure on *
Fine Side,
P
0.0000003
0.000005
0.00003
0.0003
0.00002

00003
Not measurable
0.0COO2
0.0005
0.00001
0.00005
0.00003
0.0003

mm Hg
A number of alternative designs for
the molecular drag pumps have been devised
with two considerations In mind:
1.

To ensure a low conductance leakage path from outlet to inlet
through the running clearance of
the pump.

2.

To vary the depth of the pumping
channel in order to maintain the
molecular flow conditions over
the compression range.

(8)
The following describes two such pumps.
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Hoiweek Pump. Figure k shows the main element of the Holweck pump. 12 The inner
cylinder, A, is made of duralumin and is
smooth. The housing, B, is made of bronze
and has a spiral groove cut into its surface. The clearance between the cylinder
and the housing is made not more than 0.05
mm (2 mils). Two spiral grooves are used,
one right handed and the other left handed,
and they meet at the inlet port C, which
is at the center and connects with the
high vacuum system. The.depth of the
grooves increases from the ends where it
is 0.5 mm (20 mils) to 5 mm (200 mils) at
the center where thegrooves join and connect to the inlet port C. In operation
the vacuum pump is first pumped by a suitable forepump down to a pressure of a few
microns. The molecular pump is then turned
on, being backed by a forepump. The
Holweck pump operates at speeds of about
5000 rpm and produces pressure down to 10" 6
torr.

Rotating
disk

Housing

Fig. 5. Molecular drag pump of Siegbahn.
Disk dia. = 5*»0 mm (21.26 in.)

To vacuum system
|
To fore Vacuum
Ball bearings
Channel

All the pumps described above use air
gaps of 0.02 to 0.05 mm maximum (1 or 2
milt). Nonuniform thermal expansion, the
presence of small foreign particles of the
order of tenths of millimeter (a few mils)
in diameter, or a sudden air shock can
result in seizure of the rotor. A recent
design intended to overcome this type of
difficulty is described below.
TURBO OR AXIAL FLOW MOLECULAR PUMP

Induction motor
Fig. k. Holweck molecular drag pump
rotor dia. = 152 mm (6 in.)
Siegbahn Pump. 2 ' 3 Figure 5 shows a crosssection of the Siegbahn pump where pumping
channels in the form of Archimedes' spirals
are cut in the two flat sides of the housing, within which a disk rotates at high
rotational velocity. The clearance between
the disk surface and the flat section of
the end plate between the adjacent spirals
is made as small as practical for free
rotation. The inlet is at the periphery
of the disk and the discharge at the hub.
In the figure shown three spiral grooves
(22 x 22 mm at inlet and 22 x 1 mm center)
are cut in parallel starting 120° apart,
providing three times the pumping speed of
a single channel.
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Figure 6 shows the general arrangement
of a turbo pump which was first described
by Becker. 3 ' 13 Rotating disks all mounted
on the central shaft are disposed alternately with stationary plates mounted in
the housing. The disks and plates are cut
with slots set at an angle so that gas
molecules caught in the slots of the moving
disk are projected preferentially in the direction of the slots in the stationary
plates. The running clearances between the
rotating and stationary plates generally are
of the order of 1 mm (4o mils), which is an
order of magnitude greater than the permissible clearances in a conventional type of
molecular pump. The rotational speed for a
pump having a rotor diameter of about 17 ~m
(6.5 in.) is 16,000 rpm, giving a peripheral
speed of 1.56 x 10 4 cm/sec (6.14 x 10 3 in/
sec), about one-third average velocity for
air molecules at room temperature.

Rotating
Disk \

Vacuum System
\
stationary
f

To Fore
Vacuum

According to Becker, the turbomolecular
pump is like a Gaede pump except that it
operates with large clearance between the
cooperating drag surfaces, and with these
pumping drag surfaces fed by a series of inclined slots in such a way as to greatly
improve the pumping speed over that of the
Gaede pump.

Gas

Rotor Disk

The observed dependence of the inlet
pressure Pj on the outlet pressure P2 is
shown graphically in Fig. 7 for hydrogen,
air, and the refrigerant Freon-12. A compression ratio P2/P1 of the order of 10 7 is
obtained for air when P2 is equal to 0.1
torr, but the value drops off rapidly with
increasing pressure to about 10 when P 2 is
equal to 1 torr. The compression ratio for
hydrogen is significantly smaller for the
same outlet pressure.

Kruger and Shapiro1**'15 produced a
theory of turbomolecular pump performance
based on the kinetic theory of gases. The
basic concept of the theory, which is applicable in the free molecule range only, is
the transmission probability; that is, the
fraction of molecules entering a rotor or
stator from one side which ultimately leave
that same rotor or stator from the other
side. The theory was validated by experiments on a single test rotor. The following
summarizes some of their important conclusions.

Rotor Disk

X-Section of Disks
Fig. 6. Turbomolecular pump, rotor
dia. = 165 mm (6.5 in.) (Becker)

1.

Pressure ratio developed per stage
is dependent on the ratio of blade
speed/velocity of gas molecules.
A pressure ratio 5:1 (per blade)
can be achieved for air with blade
speed = 1000 ft/sec. This would
give a pressure ratio per stage
of 25:1.

3.

Performance begins to fall when
the mean free path is about five
times as large as the minimum
blading dimensions.

if.

For a single rotor the geometric
variables are the blade angle and
ratio of blade spacing (circumferential ly)/blade chord length.

HYBRID MOLECULAR PUMP

10

Alcatel 16 has recently developed a new
molecular pump called the "hybrid molecular
pump." The pump has two stages. The first
stage uses the turbomolecular structure
(open blading), while the second stage

Fig. 7. Observed dependence of inlet
pressure on outlet pressure for H 2
air, Freon-I2.
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has a drag pump construction. The arm of
this concept is to combine the high compression ratio of a drag pump with the
high pumping speed of a turbomolecular
pump. Figure 8 shows the pump in detail.
The turbo part has three stages on the
rotor and four for the starter. The drag
pump is of multigroove type and the grooves
are in the stator. There are five grooves
on the low pressure side and 15 on the
high pressure side. The following gives
some of the pump parameters.

Dynamic Seal. Alcatel 17 developed a
screw-type seal to withstand a pressure
difference from 1 x 10" 3 to 760 torr for
50 mm (2 in.) diameter shaft at 24,000 rpm.
Figure 9 shows the seal. The seal is
specifically designed to operate in three
different flow regimes, i.e., molecular,
transition, and viscous. For each of the
flow conditions efforts were made to optimize the geometry of the threads.

Turbomolecular Stage

-THREADS

Rotational speed = 24000 rpm
Pump diameter = 200 mm (= 7.8 in.)
Pumping speed = 460 H/s
Compression ratio at zero
flow (Nitrogen) = 150
Drag Stage
Pump diameter = 138 mm (= 5-4 in.)
Cylinder length = 80 mm (» 3.15 in.)
Depth of groove varying
Pumping speed - 45 H/s
Compression ratio at zero flow (for
Nitrogen) = 10 9

Fig. 9. Dynamic Seal for Alcatel Hybrid Pump
Rotor Dia. = 50 mm (1.968 in.)
Threaded Shaft Length - 50 mm (1.968 in.)
Radial Clearance - .01 mm (.0004 in.)
to .015 (.0006 in.)
Figure 10 shows the pressure vs. flow
rate. It is interesting to note that a
seal designed to withstand a pressure
difference between 760 and 1 x 10" 3 torr
wii? leak when it withstands a bigger pressure difference. On the contrary, if the
pressure difference is smaller the seal
will pump. This property is unique as
the dynamic seal could be used as a backup
pump.
SPIHDLE 4 0 *. ( . e i . l o . 0 . /
H» 24,000 rpm
1

to
19
-

4

Fig. 8. Cutaway of Alcatel "Hybrid Pump"
Rotor dia. = 200 mm (7.874 in.) turbo.
= 138 mm (5.433 in.) drag.

1/

10
10-'
PRESSURE ,»rr

The pump uses a dynamic seal which has
unique design features. The following
describes the seal in detail.

Fig. 10. Vacuum pressure vs. flow.
Fore pressure = 760 torr
(Alcatel dynamic seal)
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ratios for a given length and runs at
small radial clearance (0.05 mm = 2
mils), whereas turbo is a multistage
pump with high pumping speed and
operates at much larger radial clearance (0.5 mm = 20 mils).

CONCLUSIONS
1.

Many conventional types of seals may be
eliminated because of high rotational
speed and extreme pressure conditions.
These include face seals, lip seals,
and packings.

2.

Close clearance seals such as capillary,
face, were evaluated. These were found
not to be suitable due to high leakage
rates.

3.

Seals of interest were found to be those
which have the pumping capability.
These are: centrifugal, spiral groove,
and viscoseal (screwj. Since the
pressure is lO""* torr on the vacuum
side and 760 torr on the high pressure
side, a seal in this application will
operate in three different flow regimes,
i.e., molecular flow, transition, and
viscous. The review of literature indicated that most of the work has been
done in viscous flow regime with the exception of a few studies which have been
extended in the transition flow regime.
However, evaluations were carried out at
viscous flow conditions to get some idea
of their relative performance. The
results indicate:
a.

The visco seal has the lowest power
losses-to-pressure sealed ratio.

b.

The performance of all the seals deteriorates when the flow conditions
change from viscous to transition.

c.

It was also concluded that a seal design based on the continuum fluid
dynamics will show further deterioration in its performance when
applied in molecular flow regime.
Therefore, theories developed for
these seals cannot be applied to design a seal for the present application.

To study the pressure building ability
of gases in molecular flow conditions,
theory of molecular pumps was reviewed.
Basically there are two types of molecular pumps; drag and turbo, both working
essentially on the same principle, but
their construction is entirely different.
Both types of pump can achieve compression ratio of the order of 10 7 provided
the gas is in molecular flow condition.
A drag pump achieves higher compression
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5. The performance of molecular pumps,
drag and turbo, is significantly
affected by the fore or downstream
pressure. Typically a molecular pump
with fore pressure less than 0.01
torr, can develop a compression ratio
about I0 G ; but for higher values of
fore pressure compression ratio falls
off drastically.
6. To k^ep the gas flow in molecular flow
regime, physical dimensions of the
pump are varied along the length of
the rotor. Generally one tries to
keep the values of minimum-pump dimensions to about 1/4 to 1/5 of mean
free path of gas.
7. The review of fluid seals and molecular pumps Indicates the principle of
molecular pumps can be combined with
the principle of viscous pumping seals
in order to develop a seal for an
advanced flywheel system. The analysis
will require defining the three flow
zones along the length of the seal.
Once the flow zones are defined,
theories of molecular pump, slip flow,
and viscous flow can be used to predict the performance.
8. Since molecular pumps are of two constructions, two seal configurations
are possible. The advantage of drag
type construction is that it is simple
and develops high compression ratio
as compared to the turbo type. However,
the disadvantage of the construction
is that it runs at fairly small radial
clearance (1 to 2 mils).
RECOMMENDATIONS
1. Investigate the screw types of seal
concepts where the design on the vacuum
side is based on the principle of
molecular drag pump and continuum fluid
dynamics on the high pressure side.
For analysis, existmg works could be
used, and efforts should include extensive parametric studies prior to
selecting the final configuration.
2. Investigate the seal concept which uses
the construction of a molecular turbo

pump. For analysis, existing works
could be used, and efforts should include
optimizing the rotor and stator design
at each stage.
3.

For both seal concepts (1 and 2 above),
investigate a design for control of
leakage at start and shutdown.

4.

Evaluate both designs and select one for
manufacturing, testing, and final evaluation.
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PROJECT SUMMARY
Project Title: A Composite Flywheel for Vehicle Use
Principal Investigator: F. C. Younger
Organization: William M. Brobeck & Assoc.
1235 Tenth Street
Berkeley, CA 94710
415/524-8664
Project Goals: Design and fabrication of fiber-composite flywheels
with a usable energy in the range of 1 to 5 kWh with a
total energy density in excess of 80 Wh/kg at the
maximum operating speed. The design power output rate
is 37 kW. The maximum diameter is 0.6 m and the
maximum thickness is 0.2 m.
Project Status: A preliminary design of the flywheel has been completed.
This design uses a biannulate rim of S2 fiberglass/
epoxy overwrapped with Kevlar 49/epoxy. This rim is
supported from an aluminum hub by polar catenary
spokes filament wound with Kevlar 29/epoxy. The combination of materials and shapes yields a compatible
set of stress/strain relationships for all of the
fiber-composite components to insure that centrifugally
generated stresses are principally in the direction of
the various fiber orientations with minimum stresses
transverse to the fibers. The geometrical parameters
have been selected to provide that the various fibers
are all stressed to approximately the same percent
of their ultimate strength to assure that the maximum
energy density will be achieved. Design calculations
show that project energy and energy density goals will
be satisfied.
Design drawings and specifications for the biannulate
rim have been prepared and sent to fabricators for
quotations. It is expected that orders will be
placed by the end of October 1978.
Design work is presently concentrated for optimum spoke
and hub parameters. Adequate rigidity of the spokes
is required to insure dynanic stability. However,
excessive rigidity will give undesirable transverse
stresses and a reduction in maximum energy density.
Stability criteria have been established, and designs
which satisfy these criteria are being subjected to
stress analysis. Winding forms for the spokes are
being designed, and spoke samples for testing will
soon be fabricated.
The design of assembly fixture has not yet started,
although preliminary concepts and methods have been
briefly studied to identify the problem areas and
indicate probable solution methods.

141

Contract Number: 13-0291
Contract Period: The contract covers only the first phase of a
two-phase program. The first phase contract period
is nine months and will be completed by the end
of April 19.79.
Funding Level:

$99,000

Funding Source:

Sandia Laboratories, Albuquerque
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A COMPOSITE FLYWHEEL FOR VEHICLE USE
Francis C. Younger
William M. Brobeck & Associates
1235 Tenth Street
Berkeley, California 94710

ABSTRACT
A program for the design and fabrication of a fiber-composite flywheel is described.
The objective of the program is a usable energy in the range of 1 to 5 kWh with a total
energy density in excess of 80 Wh/kg at the maximum operating speed. The design output
power is 37 kw and the maximum dimensions are 0.6 m diameter and 0.2 m thickness. The
design uses a biannulate rim of S2 fiberglass/epoxy overwrapped with Kevlar 49/epoxy.
This rim is supported from an aluminum hub by polar catenary spokes filament wound with
Kevlar 29/epoxy. The Kevlar 29/epoxy spokes have a lower tensile modulus than the rim
materials so compatible strain levels can be achieved without excessive stress in the
spokes. The stress analysis for the biannulate rim shows nearly optimum tangential
stress levels in each of the two materials and a very reasonable distribution of radial
stresses. Compressive radial stress occurs at the interface between the S2 fiberglass/
epoxy and the Kevlar 49/epoxy. The spoke design concept permits a careful balance of
spoke flexibility to assure that the spoke stiffness is adequate to maintain concentricity of the rim and hub to satisfy dynamic stability requirements while at the same time
being flexible enough to allow dilation of the rim due to centrifugal loading without
imposing excessive radial loads at the rim-to-spoke attachment points.
The program is to be divided into
two phases:

INTRODUCTION
A design and fabrication effort is
underway to (1) produce an automotive type
flywheel having suitable mechanical characteristics of energy density, volume, and
cycle life; and (2) to establish the probable cost of production of such flywheels.
The approach to the development of a flywheel to satisfy specific performance
specifications is outlined. A preliminary
design of a flywheel to meet the performance specifications is presented.
During the course of the work, this
preliminary design is being completely
analyzed and reviewed as required to assure
a flywheel which is economically and technically feasible. Material and geometric
trade-offs are being examined to maximize
the probability of achieving a flywheel
which satisfies the program objectives.
Our primary effort is directed toward the
objective of achieving a maximum total
energy density (Wh/kg). However, we also
recognize that the hub-wheel interface is
a critical problem area and that a successful solution of hub-to-wheel attachment
may require some compromise in maximum
energy density as may the requirement to
provide a high
energy within a limited
volume (Wh/m 3 ).

Phasa I: Design and fabricate
specimen wheels to
given specifications.
Phase II: Testing and characterization of specimen
wheels.
This paper covers the first phase
only. Upon completion of this first
phase, at least two specimen flywheels will
have been fabricated and the required
documentation will have been delivered.
BACKGROUND
The effort required for the design,
fabrication, and documentation of at least
two specimen flywheels must satisfy the
following specifications:
WHEEL SPECIFICATIONS

v

(1) The usable energy, defined as the
difference in kinetic energy between
that stored in the wheel at its
maximum design operating speed and at
33% of that speed, will be in the
range of 1 to 5 kWh.
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(2) As i design objective, the total energy
density will be at least 80 Wh/kg at
the maximum operating speed. For the
purposes of this calculation, the
weight of the wheel will be taken as
the weight of the flywheel itself,
including its hub and whatever portion of a shaft is necessary to couple
to it. The weight of additional
shafting, mechanical drive components,
etc., are not to be charged to the
wheel nor is their kinetic energy to
be credited to it.
(3) The overall diameter of the rotating
assembly will not exceed 0.6 m, and its
thickness must be less than 0.2 m.
(4) The wheel shall be designed to run for
1000 total hours at its maximum design
operating speed without failure. It
is to be designed to be cycled from
33% to 100% of that speed, 10,000
times without failure. During testing it will be required to demonstrate
100 such cycles without failure.
During tests, the wheel will be spun
down at an average power output rate
of 37 kW.
(5) Choice of materials is at the discretion of the contractor, although the
objective of the program is to produce
a wheel which is economically as well
as technically feasible.
The required documentation will include
but not be limited to the following:
(1) Complete construction details
as adequate to allow the wheel
to be duplicated by others
skilled in the necessary
arts. These details will
include such things as information regarding special
materials and any unusual
fabrication techniques such
as the use of specialized
winding facilities.

the effects of material
creep upon balance.
(4) An estimate of the costs to
produce similar wheels in
quantities of 100, 1000,
and 10,000. Note will be
taken of trends in the cost
of any exotic materials.
PROJECT DESCRIPTION
High strength-to-weight ratio fiber
composite materials seem to have the
greatest promise for satisfying the objectives of an automotive energy-storage
flywheel. However, the orthotropic nature
of these materials presents some serious
design problems. Their low transverse .
strengths make it difficult to transfer
loads from one radius to another. A simple
thin rim spinning about its axis can store
a great amount of energy per unit weight.
However, finding a suitable support for the
ring is difficult because the support must
not impose large radial loads. Increasing
the rim thickness can beneficially lower
the attachment loading by reducing the
radius at which the rim support is to be
attached; however, increasing the thickness imposes difficult radial stresses in
the rim.
A design concept to avoid these problems employs a rim supported by a system of
tension-balanced spokes which minimize the
radial forces upon the rim. The design
features a biannulate rim composed of two
concentric components of different material
tightly bonded at their interface. This
biannulate arrangement permits efficient
utilization of the available space, allows
use of material with differing specific
moduli of elasticity and reduces the
radial span of the tension-balanced spokes.
Figure i shows the design.
An energy density in excess of 84
Wh/kg appears to be possible with such a
design using available technology. This
arrangement is dynamically stable and will
permit more than adequate power extraction.

(2) An analysis of the stresses
induced in the wheel during
fabrication and operation,
with an evaluation of fatigue
effects and of the scaling
laws involved in changing
the size of the wheel.

RIM DESIGN
The design objective for very high
total energy density requires that much of
the material be highly stressed by centrifugal loading. A radially thin ring spinning about its axis is a well-known example
of a geometric arrangement where all the
material is uniformly stressed in pure

(3) An analysis of the dynamics
of the wheel with particular
emphasis on critical speeds and
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tension (in the limit of infinitesimal
thickness). For such a geometry, it may be
shown that the energy density is related to
the strength-to-weight ratio of the material
by the equation:
w " 2 p
where E =
w =
0=
p =

the
the
the
the

and the dilation is found from:

u;

energy in Joules
weight in kilograms
strength in Pascals
density in kilograms/metre3

The maximum radial stress is found as:

The factor of one half can be considered
as a shape factor for a very thin ring. As
•_
where
a = r-a
the radial thickness of the ring is increased, this value drops off slowly. For
example, bringing the radial thickness to
11 percent of the outer radius would drop
a = inner radius
the shape factor from .5 to .465. Inb = outer radius
creasing the radial thickness of a ring
u = angular velocity
increases the total energy stored in the
r = radius at which stress is
available space, while lowering the total
calculated
energy density (Wh/kg).
R = outer radius
w = weight density
The requirement for usable energy in
E = modulus of elasticity
the range of 1 to 5 kWh from a flywheel
g = gravitational constant
not to exceed 0.6 metres in diameter with
a = unit stress
a thickness less than 0.2 meters indicates
u = Poisson's ratio
that the fiber composite must occupy a
fairly large fraction of the available
Thus, increasing the radial thickness
space. Economic feasibility and vehicle
causes a large increase in radial tensile
integration also demand an efficient
stress which could lead to failure because
utilization of space. From our analysis,
filament-wound fiber-composite materials
it appears that a thin ring would not prohave very low transverse tensile strength.
vide the most efficient utilization of
There are several ways to circumvent the
available space and that a thick ring or
difficulty. The one we will use is to
combination of rings is necessary.
fabricate a biannul ate ring with two
concentric elements having materials with
Of course, there are also disk-type
differing densities and tensile moduli.*
flywheels utilizing radial fibers and cross- These two rings can be wrapped one on top
ply composite. We recognize that these
of another so that they will bond on curing.
other type flywheels also may provide an
Under the action of centrifugal loading,
efficient utilization of space (Refs. 1,
the dilation of the innermost ring will be
2, 3, 4 ) . However, we prefer a design
resisted by the outer ring and a pressure
similar to those which we have tested that
at the interface will be produced.
show good promise of success.
The interfacial pressure can be comThe stresses in a thick ring may be
puted from the deflection equations and
calculated by equations in Ref. 5. The
the requirements for continuity. Reference
equations in Ref. 5 are for isotropic
5 gives the stresses and deformation of
rings rather than for orthotropic rings.
isotropic thick rings subjected to exterHowever, comparisons of calculations of
nal and internal pressure.
the stresses for isotropic and orthotropic
materials (Ref. 6) shows that for rings
with radial thicknesses less than 20 per*This design is quite similar to one idencent, the simpler isotropic equations are
tified by Reedy and Gerstle (Ref. 7).
quite adequate. For centrifugal loading,
This build-up gives a combined radial
the radial and tangential stresses are
thickness great enough to give excellent
found by:
space utilization and to reduce the span
of the spokes to an acceptable value.
» •
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For two concentric rings in intimate
contact, the external pressure of one equals
the internal pressure of the other and continuity requires that the total deformation
of each at the interface must be equal—The
deformation being that due to the combined
action of the interface pressure and the
centrifugal loading. Superposition is
used for finding the total deformation; thus,
the deformation of the interface edge of the
inner rings can be represented by the following equations:
Pa

l,2

\

(6)

Pa

2,2 = h

(7)

=

where P = interface pressure
<*•. i = dilation of outer edge of inner
'
ring due to centrifugal force at
unit angular velocity
a 2 , = dilation of inner edge of outer
'
ring due to centrifugal force at
unit angular velocity .'
a, « = dilation of inner ring due to
'
unit pressure
dilation of outer ring due to
a2 2
unit pressure
= dilation at the interface
1
si = dilation at the interface
By setting 6j = 62, the value of P can
be found as a function of u> as below.
P =

(8)

By using these relationships, a twopart rim using an inner ring of S-2 fiberglass and an outer ring of Kevlar 49 has
been designed. This arrangement allows an
overall radial thickness of slightly over
25 percent. Thus, slightly more than 45
percent of the available volume is used for
the rim. The centrifugal force field at
the spoke-to-rim attachment point is about
half that at the rim outer edge.
Figure 2 shows the stresses in the
proposed two-part rim at 32,725 rpm, in
the absence of creep, thermal stresses and
fabrication stress. All the values in
Fig. 2 vary with the square of rotational
speed. Thus, all stresses are zero at
zero speed.
TENSION-BALANCED POLAR CATENARY SPOKES

design of the rim itself. We expect this
to be a difficult engineering problem for
any developer of flywheel technology.
Allowing rim dilation while maintaining
concentricity is a difficult task. We
believe that tension-balanced polar-catenary spokes provide an acceptable solution
to this problem. They will provide adequate rigidity and torque-carrying capacity.
The rim-to-hub attachment method
employs a system of tension-balanced polarcatenary spokes as shown in Fig. 1. A
polar catenary is the naturally-assumed
curved shape of a flexible element under
tension in a centrifugal force field.
These spokes will be pre-formed on a
special template to obtain the desired
polar-catenary shape to insure pure tension loading with minimum radial loading
of the rims at the points of attachment.
Continuity requires that the average
stress level in the spoke be proportional
to the stress in the rim at the point of
attachment, with the proportionality
factor being equal to the ratio of tensile
modulus of the spoke material to that of
the rim. It is desirable to use a spoke
material with a modulus lower than that of
the inner portion of the rim in order to
allow spoke stresses to be lower than rim
stresses.
Figure 3 shows the polar-catenary
shape and the force balance on an element.
The derivation of the shape is given in
Ref. 8. The amount of curvature of the
spoke is determined by its tension and density. Increasing the tension or lowering
the spoke density gives less curvature.
The amount of curvature limits the radial
span which can be bridged by a practical
spoke. For the proposed design, the hubto-rim radius ratio is almost 3 to 1. This
ratio appears to be too great for an S-2
fiberglass spoke but appears to be acceptable for a Kevlar 29 composite spoke. The
Kevlar 29 is an ideal candidate material
for the spokes because of its low density
and because its modulus of elasticity is
just slightly less than that for S-2 fiberglass. This modulus is low enough to
insure reasonable stresses while at the
same time is high enough to provide adequate rigidity for the hub-to-rim connection . Inadequate rigidity would lead to
dynamic instability of the ring support.
The spokes will provide a sufficiently
accurate and rigid hub-to-rim connection

The means of connecting the rim to
the hub is at least as important as the
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where F = the force on a spoke element
to insure balance and dynamic stability.
The concentricity of the hub and rim will
L = the length of spoke
not be absolutely perfect. Some small
E = modulus of elasticity
initial or residual eccentricity will exist.
A = cross-sectional area
Thus, at high speed a centrifugal force proportional to the square of the angular veThe displacement associated with
locity and the first power of the offset
straightening the spoke is found from
distance between the center of mass of the
(Ref. 8 ) :
rim and its center of rotation will be
generated.

(13)
The combined stiffness of all the
spokes oppose this force but some increase
in the offset will occur. This increase
is inversely proportional to the combined
spring constant of the spoke system and
may be expressed as:
Ax = F/K

(9)

where "K" is the spring constant of the
spoke system.
Even though tha initial eccentricity
of the rim may be very small, there will
be a force which will cause the eccentricity
to increase which will in turn permit the
force to further increase. In order to
have elastic stability, the force associated
with the spoke stiffness at a given offset
must be greater than the centrifugal force
associated with that offset. This requires
that:
K > Moo2

(10)

Thus, there will be a critical speed u

(ID
The curved spokes appear to be quite
flexible. A force applied at the end of
the curve spoke tends to straighten the
spoke and also acts to stretch the spoke
material. Thus, there are two components
of the elasticity of the spoke. The
stretching of the spoke material is directly related to the modulus of elasticity.
The straightening of the spoke is more
complicated and is found to be dependent
upon the centrifugal loading on the spoke
(Ref. 8 ) . The overall spring constant,
Kg can be expressed in terms of the combination of these two components.
The stretch of the spoke is found
from:

* _ £k
6

1

(12)

EA

14 7

where w - density of spoke material
R = hub radius
u> = angular velocity
L = curved length of spoke
x = length of chord of curved spoke
Since the component 6% is dependent upon u 2
and the density of the spoke, the centrifugal force on the spoke acts to increase
its stiffness.
The requirement for the critical
speed to be in excess of the operating
speed sets a minimum value of the overall
spring constant, which in turn sets a
minimum cross sectional area for the spokes.
This minimum cross sectional area can be
found using Eq. (12) and (13).
In addition to the stability of
radial offset (eccentricity), there will
be a requirement that the spoke system provide adequate rigidity to prevent instability
of out-of-plane motion. What is important
here is that the principal axis of the rim
and the hub will not be absolutely parallel
with the axis of rotation; consequently,
there will be a gyroscopic torque acting
between the rim and hub tending to change
the alignment of their axes. This change
in alignment will be resisted by the stiffness of the spoke system.
The out-of-plane whirl modes are dependent upon the rotational frequency and
the ratio of the polar moments of inertia
to the diametral moments for both the hub
and rim. The moment of inertia of the rim
is so much greater than that of the hub that
the frequency of this mode may be approximately calculated from the moments of the
hub alone. The approximate relationship
at low speed is:

-VF

(14)

where K is the spring constant defined as
Laboratory are used as a guide for fiberthe restoring torque due to a unit of angular composite properties. Where additional
rotation of the hub about its diameter.
data are required, specimens will be prepared and tested.
At high rotational speed, the gyroscopic moment of the hub becomes signifiThe main features of the design will
cant and the frequency for this mode
be retained as it is believed that this
increases to approach:
concept provides promise for solving the
problems faced by filament-wound fibercomposite flywheels.
= An
(15)
The stresses associated with accelerwhere a is the rotational speed of the flyation and deceleration are very small at
wheel and A is the ratio of polar moment
high speed. A preliminary examination
of inertia of the hub to its diametral
shows that the added spoke tension due to
moment.
deceleration is a few pounds compared to
about 20,000 pounds for centrifugal loadFor a thin disk A equals 2 but for the
ing.
thick hub of the flywheel:
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Fig. 1. Tension balanced catenary spoke flywheel.
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Table 1. Flywheel Characteristics

Outside Dia.
Inside Dia.
Height
Material
Fiber Fraction
Density
Elastic Modulus
Poisson's Ratio
Weight
Moment of Inertia

Outer Ring

Inner Ring

23.52 in
19.70 in
7.85 in
Kevlar 49/epoxy
60%
,
.050 lbs/inJ
11.76 x 10 6
.31
50.9 lbs
„
15.4 Ib-in-sec

19.70 in
16.50 in
7.85 in
S-2 Glass/epoxy
60%
,
.075 lbs/inJ
8.15 x 10 6
.282
53.6 lbs
9
11.4 lb-in-sec^

Spjikes
Polar-catenary
Tension-balanced
w/ added weights
Material
Kevlar 29/epoxy
Fiber Fraction 65%
,
Density
.05 ibs/iV
Modulus
5.85 x 106
16 x 4
No. of Spokes
4.64 lbs
Total Weight
Total Moment
of Inertia
.41 lb-in-sec^
Type
Loadi ng

Hub

Summary of Characteristics

Diameter
6 in
Height
7.85 in
Material
Alum.alloy 7075
Density
.1 lbs/in3
22.2
lbs
,
Weight
.26 Ib-in-sec
Moment of Inertia

135.3 lbs
,
Total Weight
28.09 lb-in-sec
Total Moment of Inertia
32,725 rpm
Rotational Speed
u
3,427 rad/sec
Stored Energy
5.18 kWh
Energy Density
84.3 Wh/kg
Available Energy
4.60 kWh
Max. Hoop Stress in Kevlar/epoxy 216,736 psi
Max Radial Stress in Kevlar/epoxy 3,013 psi compression
Max Radial Tension in Kevlar/epoxy 1,144 psi
Max Hoop Stress in S-2/epoxy
189,349 psi
Max Radial Stress in S-2/epoxy
3,013 psi compression
Max Radial Tension in S-2/epoxy
1,004 psi
Max Tension in Spokes Kevlar 29/
epoxy
163,057 psi
64,000 rpm
Critical Speed for Radial
Stability

Loading Weights
Material
No. of Weights
Weight Each
Total Weight
Moment of Inertia

Aluminum
8
.50 lbs
3.98 lbs
.63 lb-in-sec
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PROGRESS IN COMPOSITE FLYWHEEL DEVELOPMENT
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Cumberland, Maryland 21502

ABSTRACT
Development of filament reinforced polymer (FRP) flywheels for energy storage in
vehicles has been continuing at ABL with emphasis on material selection and design synthesis based on the filament winding process. Three species of designs have been studied:
1.
2.
3.

Helically wound shells;
Circumferentially wound rims with radial spokes;
Circumferentially wound contoured disks.

The objective has been to evaluate the potential of design concepts with commercial
merit. A new approach to the type 3 flywheel offers competitive performance in a wheel
configuration that is moire compact than other types and is also attractive from a mass
production viewpoint. Combining optimum contour with programmed winding tension in a
process that fixes the winding tension as the wheel is fabricated results in rated performance ar~rnr...'u.La& 30 W-hr/lb and 1 W-hr/cu in. for a rotor storing 1270 W-hr at the
design operating speed. Design and fabrication are in progress under contract from DOE/
Sandia. A description of the design concept, the basic theory of the design, and a
summary of material properties are provided.
INTRODUCTION
Circumferentially wound composite disk
flywheels offer the advantage of a low cost
manufacturing process. However, in many
instances their performance is unsatisfactory as a result of radial tensile stresses
which exceed material strengths. Some
mechanisms to reduce the radial stresses
include:
1. Increasing radial compliance of
the material.

3. Using concentric but separate
rings with mechanical coupling.
A. Using concentric bands of different
fibers which provide a modulus gradient
increasing toward the rim and/or a mass
gradient decreasing toward the rim.
Contouring the faces of the disk.

7. Applying a beneficial prestress
by successive winding and curing of concentric rings (loses cost advantage).
8. Applying a beneficial prestress
by modifying the winding tension program
and cure process during fabrication.
All of these have been studied and reported
with differing degrees of optimism, but
with little experimental success, unless
the depth (Ro-Ri) or radius ratio (Ri/Ro)
was limited so that the "disk" was more
nearly a "rim."

2. Introducing bands or rings of
another more compliant material.

5.

6. Applying a beneficial (compressive) prestress field by press fit or
shrink fit assembly of individual rings
or rings and hub (loses cost advantage).

Hercules has studied combinations of
the above mechanisms to identify benefits
that might be gained thereby and which
might offer acceptable performance. Emphasis was placed on methods 4 through 8.
Results have indicated that combining
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methods 5 and 8 is most beneficial and can
achieve useful performance without further
complication. The following discussion
will outline the basis for this observation.
BACKGROUND
Toland and Hill 2 have described the
use of a transfer matrix approach for
computing the stresses in a rotating
orthotropic disk for the purpose of finding the optimum disk contour. An extension
of that approach was prepared to calculate
the stress distribution in a stationary
disk resulting from an arbitrary program
of winding tension. The two solutions are
superimposed in a computer program that
seeks the optimum contour for the prescribed
winding tension program.

temperature cure cycle. This latter property permits all of the beneficial (compressive) radial prestress to be applied to
counteract the spin stresses, thereby improving energy storage rather than merely
combatting manufacturing residual thermal
stresses.

1

Reuter3 has shown that the residual
stresses associated with conventional filament winding and cure processes are detrimental. Fig. 1 illustrates the effect for
an example case with uniform winding tension. These residual stresses can cause
failures by and of themselves. The maximum
permissible AT of 163°F in the example of
Fig. 1 is inadequate to cover the service
temperature range (+200° to -50°F) plus
adequate cure temperature increment. Reduced cure temperatures and winding tensions which increase toward the outer radius
are beneficial, but are generally unacceptable because:
1. Low temperature cures are incompatible with elevated service temperatures
(ca. 200 F ) .
2. Winding tension programs which
increase outward cause wrinkling of the
fibers near the inner boundary.
Some form of unconventional processing is
needed.
Staged cure of sequential, concentric
windings is one solution. However, the
cost penalty is severe, and the repeated
thermal cycles make a difficult problem
to analyze, since some "annealing", or
loss of pretension can be expected with
each heating and softening of the inside
rings.
Laakso1* has described a process that
supplied the desired qualities; that is, a
quick fixing of the fiber to lock in the
applied tension and prevent wrinkling of
the inside fiber, while at the same time
eliminating the need for a general elevated
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Fig. 1. Thermal stresses due to
cooldown from cure.
The concept is based on the use of
carbon fiber preimpregnated with a polysulfone thermoplastic matrix. The properties of this material are compared with
carbon/epoxy and aramid/epoxy composites
in Tables 1-4. Note that the properties
are equivalent to conventional epoxy
(thermosetting) matrix composites at temperatures to 350 F. The material has been
thoroughly evaluated and qualified for
aerospace application under Air Force
sponsorship, and properties are reported
in Reference 5. In addition, the material
exhibits very low creep and improved
toughness when compared to epoxy matrix
composites. Having found a material and
process that appear to satisfy the requirements for a prestressed contoured disk
flywheel, the next step is to examine the
potential performance.
An extensive matrix of designs meeting the requirements for the Sandia vehicle
flywheel was studied to identify optimum

contours, stress distributions, and
geometrical correlations. The first step
was to establish the residual stress
distribution resulting from "freezing"
the winding tension as a function of
(Ri/Ro) and the tension program. (Note:
In all cases the O.D. was fixed at 23.6
inches.)

Table 4. Design allowables.
(150°F, 1 0 4 cycles, 10 3 hours)
p

Kevlar-49

34.0
440.0

19.0

94.0

60.0

26.3

2.7

Z.9

0.50

Transverse^ Compressive
Strength, F

11.5

12.0

8.9

In-Plane Sh ear Strength,

3.5

7.3

1.0

1 Conpresslve
Strength, i H c (Wai)

1.4

2.6

0.065

0.052

4.9

3.6

6.9

9.6

th,

5.3

Tensile Modulus <106 psl)
Tensile Strength (ksi)
Elongation (?)
Density Ub/in. 3 )
Specific Modulus (108 In.)
Specific Strength (106 in.)

F 2 3 <ksi)

SOO.O

Fig. 2 illustrates the result for an
example case. Note that the winding tension was limited by the compressive transverse (design) strength of the composite,
indicating the maximum benefit of this
effect was achieved. This benefit has
the effect of increasing the allowable
radial stress due to spinning by a factor
of five. The effect of the hoop stress
due to winding is slightly detrimental in
the case illustrated, but is slightly
beneficial for thin rim type rotors.

Resins:
Epon 8 2 8 /
Jeffamlne T403
Epoxy

Polysulfone

Property

101.0

Transverse Tensile Stren

Type AS-6 Carbon

Kevlar-49/

142.0

1 Tensile Str ngth.

Longitudlna

Fibers:

Type AS/
3004

155.0

LongIcud!n

Table 1. Properties of candidate
fibers and resins.

Property

Type AS/
Epon-82B/T403

opertv

Initial Tensile Modulus
(10° psi)
Tensile Strength @ Yield (psi)
Ultimate Strength (psl)
Elongation (%)
Density (lb/ln. 3 )

0.36

0.45

10,200
10,200
SO to 100
0.0448

8,000
13,500
7.0

0.0441

TRANSVERSE
TENSILE
STRENGTH LIMIT

Table 2. Nominal room temperature
composite material property data.
7i)
Property

Type AS/3l)U<.
(Vf - 57iQ

Type AS/Epoxy
(VF - 603?

en
Kevlar-49/Epoxy
(VF • 60S)

Longitudinal Tensile Hodulus. En HO6 psl)

16.5

18.0

10.5

Transverso Tensile Modulus,

1.2

1.0

0.50

"?_ -0.5
b

E22 (106 pal)
Major Poisson's Ratio. Vl7

O.34

0.2?

0.34

In-Plane Shear Modulus,
Gi2 (10 6 psl)
Longitudinal Tensile
Strencth, F'nr <kai>

0.56

0.B5

0.30

190.0

210.0

225.0

Longitudinal Cotnpresslue
Strenpth, F u c (ksl>

102.0

160.0

45.0

Transverse Tensile Strength,
F; 2 T Cfcsl)

5.5

6.0

2.5

Transverse Coopressive
Strength, F 2 ; c (lcsl>

18.9

18.0

14.0

ln-Pl.me Shear Strenirth,
F 1 2 Cksl)

16.0

12.0

3.0

Short Beam Shear Strength
(test)

11.6

B.O

5.0

p
9
E, • 1.2*10*p«
a,' - 2 M 0 p i i
Og». 142.000 Mi
U -IMCnd/lK

-3.0
CoeffUienr
Expirsion

of Thermal

U-nf-itudinal

(10"6

-0.006

0.00

-^.G

27.0

15.0

20.0

TRANSVERSE
COMPRESSIVE
STRENGTH
LIMIT-

in./in./°F)
Transverse (10"6
in./in./°F)

-4.0
(l)Typical for an epoxy reain such as Epon 828/JcfFaalne T-403.

Fig. 2. Stresses in an orthotropic
disk flywheel.
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Table 3.

Material

Type AS/Epon 826/T403
Tension
Compression
Shear
Kevlar-49/Epon 826/
T403
Tension
Compression
Shear
Type AS/3004
Tension
Compression
Shear

Material degradation to design environment.

Material Variation
-3X) (%)
Lone. Trans. Shear

150°F Temperature
Degradation
(% of Ultimate)
Long. Trans. Shear

3<2>

15

io">

25* '

,5(6)

20(i)
(1)
25* '

io»>

°(6)

o (6 '

3 0 (6)

20< 3)

15 (5)

20(3)
20(3)

3O< 3 )
3 (6)

10(3)

10") 2 O ( 2 )

3 5 (3)

2O ( 3 )

0 (6)

33 0 < 6 )

Degradation Due
to Dynamic Fatigue
(% of Ultimate)
Long. Trans. Shear

5 (3)

30(4)
25 (D

5 (2)

1 5 (1)

30(1)

35<1)

Degradation Due
to Static Fatigue
(% of Ultimate)
Long. Trans. Shear

5(6)

10 ( 6 )

20(6)

5 (3)

20(3>

(l)Hercules Data for Carbon & Kevlar-49 Composites.
(2)Based on Data from Hofer, K. E., et al., Reference 6.
(3)Estimated.
(4)Based on Data from Chiao, T. T., et al., Reference 7.
(5)Based on Data from DuPont, Reference 8.
(6)Based on Data from Reference 5.

In. Fig. 3, the effect of the combined
prestress and spin stress on the failure
condition throughout the disk is shown.
Although the critical condition is still
the radial stress, the hoop stress is now
elevated to 65% of the allowable fiber
strength. Further improvement of the flat
disk, is possible by adjusting the winding
tension program so that the peak negative
prestress coincides with the peak positive
spin stress and by better definition of
the maximum prestress allowable.

and admits simplification of hub design
and high volumetric efficiency as well as
weight efficiency.
r- SAFE OESIGN LIMIT

To balance the design so that radial
(transverse) and hoop (fiber) failure conditions occur simultaneously, the sides of
the disk are contoured. Fig. 4 illustrates
the relative benefits from prestress and
contouring for carbon fiber/polysulfone
matrix composite flywheels as computed by
the above methods of contour optimization.
Substantial deviations from these plots
might be expected for other materials and
winding tension programs. However, the
significant trends are valid:

«/»„

1. Prestress has useful value for
relatively thin rims (a between 0.5 and 0.8).

Fig. 3. Failure condition in spinning disk
after prestress by winding tension.

2. The effect of contouring increases
for disks with small holes (a below 0.4)
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Table 6. Expected performance of the
preliminary design.

CONTOOtEf
WltHltKTKS!

Bunt 5pccd (Aftar Service Life Knockdown)

31,560 rp«

Dealgn Operating Speed (DOS)

28,230 rp»

Stored Energy at DOS

1,270

Uh

Delivered Energy at DOS

1,131

Wh

Weight, Dl»k

41.3

a

Weight, Hub

4.0

lb

Weight, Total

45.3

lb

Stored Energy Denalty

28.0

Wh/lb

Maxima Hoop Streit at DOS

113,600 p a l

Matimm Mdlal Streaa at DOS

2,320

pal
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ADVANCED COMPOSITE FLYWHEEL FOR VEHICLE APPLICATION

Dr. D. E. Davis
Rocketdyne Division
Rockwell International
6633 Canoga Ave.
Canoga Park, California
91304

ABSTRACT
Rockwell's high energy density composite wheel concept is based upon work done as
part of a program in spacecraft power and attitude control. Experience and analytic
capabilities which evolved during the early program will be utilized in the course of
producing next-generation hardware. This paper will describe the design and present
typical results of computer analyses treating operation and fabrication stresses. The
advantages of the concept (viz., great axial stiffness and high volume efficiency) will
be discussed. Earlier design problems will be briefly touched upon.

INTRODUCTION
Energy wheel development is a high
priority Rockwell International technology effort consisting of both contract
work and related company research.*>2»3 A
recently completed research program, particularly applicable to the DOE composite
flywheel programs, is the Integrated Power
and Attitude Control System (IPACS). The
IPACS program resulted in the design, fabrication and test of a Rockwell proprietary Kevlar/epoxy tape-wound composite
flywheel. The IPACS data is being utilized in the current Sandia Laboratories
Contract No. 07-6955 issued under DOE
Prime Contract No. AF(29-l)-789.

design utilized a metallic shaft upon
which a composite core was circumferentially wound. An elastomer matrix was
used for the core. A transition liner of
elastomer was used between the core and
the radial overwrap of Kevlar/epoxy. The
important features of this design concept
are:
•

High energy density,

•

Good volumetric efficiency,

•

Uniformly distributed loads,

•

Rugged configuration,

•

Conventional mfg. technology.

BACKGROUND
ROCKWELL RESEARCH PROGRAM
Rockwell International, in previous
contract and research efforts, has completed composite materials and wheel configuration evaluation studies which will be
utilized in the existing flywheel program. More importantly, these studies
enable the effort to be focused on a
relatively narrow set of alternative
materials and a specific wheel concept.
Rather than studying alternative wheel
configurations, the effort can be
directed toward the evaluation of design
refinements that will optimize the
selected design concept.

KEVLAR/EPOXY
OVER WRAP

9 IN.
RADIUS

RUBBER LAYER
CIRCUMFERENTIALLY
WOUND
E GLASS CORE

TITANIUM
SHAFT

(^ ROTATION

The original Rockwell-evolved concept
is shown in the sketch of Fig. 1. This

Fig. 1.

t>

Original Rockwell research
composite energy wheel

Rockwell carried out a research program in 1975 to fabricate and test a model
of the rotor concept shown in Fig. 1. The
rotor was designed and fabricated and is
shown in Fig. 2. Testing was completed
utilizing the test setup shown in Fig. 3.

Fig. 2.

of tooling concepts, winding, wrapping,
curing techniques, and machining processes. Application of the elastomeric
interface material was demonstrated on
this research program. Following fabrication, the model wheel was tested to
evaluate actual performance in relation
to design predictions. A test to destruction provided significant insight
into failure mechanisms and the various
forms of energy dissipation (Fig. 4 ) .
This research activity was completed
during 1975 at the Rockwell International
Space Division Facility.

Rockwell research rotor

Fig. 4.

Fig. 3.

Rockwell research rotor posttest

The Kevlar/epoxy tape-wound research
composite test wheel was designed to have
a storage capacity of from 30 to 32 watthours per pound. The first test wheel
measured approximately 18 inches in diameter and had a nominal design operating
speed of 35,000 rpm. Burst speed was
calculated to be approximately 44,000
rpm. Studies indicated that wrapped
cores made of S-glass/elastomer and
Kevlar/elastomer would give higher specific energies (15 to 20 percent and 35 to
40 percent, respectively) than the Eglass/elastomer core. The working
allowables for the composite material
used in the study were taken at approximately 65 percent of the ultimate
strengths. Significant test data concerning rotordynamics, resonant frequencies and failure modes and effects analysis were obtained although premature

Rockwell research rotor being
installed in spin test
facility

This research program contributed significantly to the present composite wheel
development project. Fabrication methods
were demonstrated, including evaluation
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failure of the first test rotor occurred
early in the test program.

titanium alloy, (2) a Kevlar/nitrile core
wrapped circumferentially around the
titanium hub, (3) a nitrile rubber interface liner, and (4) an overwrap applied
radially over the interface liner and
core.

'IPACS RESEARCH COMPOSITE ROTOR
Under a NASA Contract NAS1-13008, a
five phase Integrated Power and Attitude
Control System (IPACS) flywheel program
was completed. Under Phases IV and V of
the program (Phase V having been completed in February 1978) composite test
flywheels were designed, fabricated and
tested.
A cross-section drawing of the IPACS
rotating assembly Is shown in Fig* 5,
The rotor was fabricated from composites
built upon a titanium hub. The rotor
core was Kevlar in an elastomer matrix
and the core was overwrapped with Kevlar
in an epoxy matrix.

VACUUM ENCLOSURE
COMPOSITE ROTOR
M O STATOR HOUSING
M G 5TATOR

The Kevlar/nitrile core consisted of
a series of 6 rings circumferentially
applied over the shaft hub. For application of the circumferential plies, a special tensioning device and special side
tooling plates were used. The tensioning
device allowed incremental tape tension
reduction as the winding of each ring
proceeded. Consolidation of the core for
each ring was accomplished, using six individual, concentric stepped rings, by
applying lateral pressure to both annular
side plates. As the material was cured,
the inward movement of the side plates
applied the required hydraulic pressure
to the prepreg tape to give the desired
wrinkle-free and minimum void structure.
In addition, the pressure was controlled
to give a 58 percent to 60 percent fiber
volume composite.
•

END COVER
FIXED BEARING
HOUSING
.TACH PICKUP
SENSOR
HOUSING
OILER
PBELI
SCREW
PRELOAD
HOUSING
'
PRELOAD
PISTON
PRELOAD SPRING

SENSOR

ANGULAR
CONTACT BALL BEARING

Machining of the core to the design
contour required special tooling and procedures as determined from previous composite wheel fabrication experience. The
key to the machining operation is to
chill the wheel to a low enough temperature for efficient cutting and yet not to
a point where the nitrile matrix would
craze.

ILSLINGER
WASTE OIL RETAINER

The final stage in the wheel fabrication (after the rubber liner was applied) was the application of the overwrap. This task was subcontracted to the
Brunswick Corporation and consisted of
radially wrapping the core/liner assembly
with a Kevlar/epoxy composite system.
The outerwrap was applied in a seven
pointed star pattern using a numerically
controlled winding machine.

MOTOR GENERATOR ROTOR

Fig. 5.

IPACS composite rotating
assembly cross-section

Two identical motor-generator (M-G)
units were designed to be incorporated at
both ends of the rotor and together to
provide 2500-watt motor or generator
capacity. Losses were minimized under
normal operating conditions with magnetic
efficiency projections greater than 96
percent.

The IPACS wheel was machine wrapped
with 9 layers of 0.0203 cm (0.008 inch)
roving (Kevlar 49) impregnated with a
Brunswick formulation of DER 332 matrix
material. A tension of 13.3N (3 lbs) per
roving was applied and held constant
during the winding operations.

Fabrication Techniques. The IPACS composite flywheel consisted of: (1) an isotropic shaft/hub fabricated from 6A1-4V

Figure 6 is an edge view of the
wheel showing the tapered sides and the
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shaft stubs with balance discs and the
bearings mounted on the journals. Figure
7 shows a side view of the wheel to illustrate the radial wrap pattern.

Fig. 8.

Fig. 6.

IPACS test wheel installed in
spin pit using dual bearing
support housing

This housing which was attached to
the bottom side of the spin pit lid
allowed versatility in the test setup
and supported the wheel in case the drive
quill shaft failed. The wheel could be
(1) suspended freely on the turbine quill
with nylon burnout blocks at the upper
and lower shaft journals to help contain
the wheel in case of failure, or (2) the
wheel could be supported in the rig with
bearings on the upper and lower shaft
journals. In either case, the turbine
quill could be attached to the wheel
directly or through a flexible coupling.

Complete IPACS test wheel edge view. Rotor weight is
59.9 pounds

A series of 36 tests were completed
investigating dynamic stability, thermal
and radial growth, wheel balance shifts
and axial stiffness. Although the design
goal was 61.7 watt hours/Kgm (28 watt
hours/pound) the design goal was never
reached due to dynamic instability.

Fig. 7.

Following the test program, the
wheel was inspected thoroughly from
visual observations and through the use
of NDT techniques. No crazing, delamination, or other failures were noted on
close visual examination of the wheel.
NDT inspections including X-ray, ultrasonic and neutron radiography, revealed
no gross defects in the wheel such as
voids, core ply separations, fiber buckling or fractures. There were some small
areas shown in the X-rays which could not
be explained. These areas appear to be

Complete IPACS test wheel side view

Test Program. A series of tests were run
on the IPACS composite wheel. These
tests were performed at the Rocketdyne
spin test facility using a specially
designed dual bearing support housing
fixture as shown in Fig. 8.
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located at the bond surfaces between the
core, rubber interlayer and overwrap.
Development work is required to adapt the
X-ray and ultrasonic techniques to thick
section structures such as the composite
wheel.

•

APSA - Finite element axisymmetric and planar structural analysis with orthotropic temperaturedependent material properties;

Posttest Analysis. The primary problem
with the earlier IPACS composite rotor
design is dynamic out-of-balance. Review
of the stress analysis, detail fabrication
procedures, and test results has led to
the conclusion that imbalance resulted
from eccentric shifts in core material
that varied with rotational speed. It is
known that minor amounts of air were
trapped on the core during wrapping and
were undoubtedly retained after cure even
though the core was evacuated and externally pressurized under heat during cure.
Further, repeated cure cycles on inner
wraps would tend to ca .se variation in
material properties.

•

APSAC - Finite element axisymmetric and planar structural analysis with
loading and creep duty
cycles;

An even more significant problem
with the core was the compression of
inner wraps by the buildup of outer material which was tensioned during wrapping.
This effect, in conjunction with external
pressure during cure, produced wrinkles
and local buckling of inner wraps. The
test program also indicated that permanent
shifts in balance occurred. These shifts
could be attributed to creep which was
noted in the structure. Another reason
could be circumferential delamination of
core material from defects, insufficient
wetting, overstress, etc., which would
thus allow local expansion and produce
imbalance. Upon reduction of speed these
local cracks would close, preventing detection by NDT methods.
IMPROVED ROTOR SYSTEM
Utilizing the technology that has
been obtained through Rockwell's previous
radial wrap rotor system programs, several improved stress analysis, design and
fabrication approaches are being implemented for the present DOE flywheel program.
ANALYTICAL ANALYSIS
The finite element method is used to
determine the displacement, stresses, and
strains in axisymmetric and planar solids.
The programs available for this method
are:
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•

APSAPLOT - Plotting program for
APSA and APSAC;

•

APSADUMP - Data recovery program
for APSA and APSAC.

The IPACS analysis utilized the APSA
and APSAPLOT programs.
These programs allow for orthotropic,
temperature-dependent material properties
under thermal and mechanical loads. The
mechanical loads can be surface pressures,
surface shears, and nodal point forces as
well as an axial acceleration and angular
velocity. The continuous solid is replaced by a system of ring or planar elements with quadrilateral cross-section.
Accordingly, the method is valid for
solids which are composed of many different materials and which have complex geometry.
The APSA program analyzes elastic or
elastic-plastic problems with a single set
of loads. The APSAC program analyzes problems where plasticity and creep must be
considered during a duty cycle represented
by a series of load increments. Either
isotropic or kinematic strain hardening
can be specified. The APSAPLOT program is
used to furnish a visual display of the
finite element results. Contour plots,
grid plots, and graphical plots of
stresses and strains can be obtained. The
APSADUMP program is used to recover information stored on the data tape generated
by the APSA or APSAC program.
As an example of the APSA program,
the undeformed mathematical model of the
wheel used in the APSA program is shown in
Fig. 9, and the deformed model is shown in
Fig. 10. An axisymmetric rotating elastic
body is assumed. The deformed model (Fig.
10) shows a large displacement of the
radial rubber liner between the outer
radial wrap and the hub. The cause of the
large displacement is assumed to be the

program analysis, which did not represent
the wrap accurately in this area, but successive iterations can accurately represent this area.
32 p

In the outerwrap, the basic convex
contour and design is being retained for
ease of fabrication and structural loading.
An improved matrix is being used having
more elongation. This matrix material
will result from the materials and processes studies now being carried out in
order to identify and define properties
for stress analysis and factors in fabrication.

10.000

s20
1

z

1 6

- oc

IT
Of 12

and detail wheel dimensions are being
traded off with properties to optimize
energy density while providing adequate
stress/strain margins.

5.000

The elastomer liner between the metal
hub and outerwrap which serves to distribute loads between the harder composite
matrix and metal will be retained. However, the rubber liner ovar the remainder
of the wheel will probably be deleted to
provide better strain compatibility
between the core and outerwrap.

8
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Fig. 9.

12

Composite energy wheel undeformed structure

TYPICAL ELEMENTS
FOR CORE SHEAR
STRESSES AND STRAINS
10.000 -

z

The circumferentiall}' wrapped core
design will be retained in concept, but
otherwise will be substantially changed to
provide a stiffer structure, free from
creep and with an improved strain match
between core and outerwrap. For increased
stiffness, the core matrix will be changed;
polyurethane and blended epoxies will be
considered. The wrap from inner to outer
layers will be modified to vary modulus
and core density to provide improved
strain compatibility and increased energy
density by increasing stresses of the
inner core.

re

MODIFIED FABRICATION TECHNIQUES

5.000 -

Major fabrication technique improvements are possible in the core which
should substantially improve the performance of the radial wrap wheel. Of paramount importance, the circumferentially
wrapped fibers will be maintained straight
and concentric during layup by two possible means: (1) computer control of winding to automatically maintain proper *-<:nsion and concentricity and (2) single
filament wrapping with wet layup. Layers
will be cured during the wind process or
in intervals of 0.63 cm (0.25 inch) or
less to preclude compressing inner fibers.
These techniques will hopefully avoid entrapping significant bubbles in the matrix
and prevent buckling. At prescribed intervals, the core will be machined as
required and balanced. This will be accomplished by wrapping variable density

SPEED = 32,500 RPM
MAXIMUM RADIAL GROWTH =
0.396 CM

(0.156 IN.)

I
5.0000
Z, DIMENSION UN.)
1
I
I
I
0
4
8
12

0

4

Z. DIMENSION (CM)

Fig. 10. Composite energy wheel deformed structure
MODIFIED DESIGN
An improved design wheel will be
based on many factors of materials, predictable stress versus allowable stress,
and fabrication processing. The APSA
stress analysis program is being updated
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tape around the circumference to obtain
balance and not change concentricity.
The outerwrap may be applied in
stages to allow dynamic balancing of the
wheel by applying patches as above with
entrapment by subsequent layers of fibers.
In either case, it will be the purpose of
this procedure to arrive at a finished
fabricated wheel that is substantially
in dynamic balance.
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HIGH-ENERGY-DENSITY FLYWHEEL
David L. Satchwell
Garrett-AiResearch Manufacturing Company of California
2525 W. 190th St., Torrance, California 90509

ABSTRACT
This paper describes the design and fabrication of a flywheel rotor with an energy
density of 80 w-hr/kg. the design features a multiring, S-glass and Kevlar composite
material rim that is mounted on a graphite composite spoked hub. Composite material
flywheels have been constructed with identical rim design and with aluminum spoked hubs.
These flywheels have been successfully tested to energy densities of 53 w-hr/kg. The
use of graphite composite material in place of the aluminum material significantly
reduces the weight of the rotor assembly and thereby increases the energy density. This
paper will present the progress to date on this program and describe the program planned
to complete the fabrication of a test specimen.
INTRODUCTION
A flywheel is being developed by
Garrett-AiResearch to demonstrate a high
energy density of 80 w-hr/kg in the rotor,
which represents a significant increase in
flywheel energy density. Because rotors
with high energy density are smaller and
lighter, this 80 w-hr/kg rotor promises
to substantially reduce cost and weight of
the installed unit.

INNER S-2 GLASS EPOXY COMPOSITE
KEVLAR 29 EPOXY COMPOSITE
KEVLAR kS EPOXY COMPOSITE
RINGS

The rotor design consists of a multiring, subcircular, S-glass and Kevlar
composite material rim that is mounted on
a star hub of graphite composite material
(see Fig. 1). The lightweight Kevlar composite is very strong for its weight and
therefore has a high energy storage capacity.
-GRAPHITE COMPOSITE
CRUCIFORM HUt

SUBCIRCULAR
RIM

Because of its multiring design, the
rim can accommodate the radial stresses
caused by centrifugal forces. Also, the
rim was given a subcircular shape so that
when placed on an oversized star hub, the
resulting rim forces hold it onto the hub.
This eliminates the stress associated with
attaching the rim to the hub by ordinary
attachment methods.

Two rotors will be designed and fabricated for evaluation—an effort that comprises six principal tasks.

The graphite/epoxy composite material
hub has a small cross section and is very
liqht, yet can withstand the forces imposed
on it. The combination of high-energydensity storage in the rim and a very
light, strong hub yields an exceptionally
high-energy-density flywheel rotor.

Task 1, Materials Selection and Hub
Fabrication Process Proof. A new rim epoxy
is to be selected because the epoxy used on
the previous AiResearch flywheels is no
longer commercially available. A replacement epoxy has been recommended by T.T.
Chiao of Lawrence Livermore Laboratories

S-3M50

Fig. ?. Flywheel rotor
SCOPE OF WORK

will be utiIIzed as needed to confirm
these tests.

on the basis of composite material and
neat epoxy sample tests. (The epoxy is
Dow DER 332, the diluent is Ciba Glegy
RD-2, and the hardener Is UnlRoyal Tonox
60-40.J The contract provides for the
fabrication and test of flywheel rings
made from a composite of S-2 fiberglass,
Kevlar, and the new epoxy. These tests
will be run to confirm the acceptability
of the new epoxy. The test ring Is shown
in Fig. 2.

Task 2. Design Analysis. Design analysis
Includes an evaluation of the stresses
Induced In the flywheel rotor during fabrication and operation, with an evaluation
of fatigue effects and scaling laws
Involved In changing the size of the flywheel. The analysis treats the following:
•

I—T = APPROXIMATELY
0.080 IN.
•
•

•
•

0.938 IN.
S30448

Fig. 2. Test ring
The hub, to be made of a graphiteepoxy composite, requires proof of fabrication process and material properties
acceptability. The hub Is being fabricated by Structural Composites Industries
Inc. (SCI) of Azusa, California. Graphite
composite is chosen for this application
because of its modulus of elasticity of
18 x 10 6 psi In composite, because of its
light weight of 0.05 Ib/cu in., and its
ultimate flexural strength of .210,000 psi.
The combination of these properties allows
the reduction of hub weight from 20.5 Ib
for an aluminum hub to 6 Ib for the graphite epoxy composite hub. Thus, the
aluminum-hub rotor yields 53 w-hr/kg In
the rotor and the graphite-hub rotor yields
80 w-hr/kg in the rotor. Task 1 will
Include mechanical testing of hub samples.

Stress in the wheel caused by
winding, curing, thermal effects
and assembly.
Stress during operation, both
steady-state and transient.
Comparison of trlaxial material
properties to the stress state,
with particular emphasis upon
source and reliability of material properties data.
Special stress conditions such
as those at rim-hub interface.
Critical speeds and the effects
of possible material creep upon
operation and balance.

Stresses caused by fabrication and
assembly can be accurately defined, and the
results of such an analysis will be used
for final assembly design refinements.
The calculation of the triaxial stress
state within the hub will be accomplished
as a guide to the tests of Task 1. The
results of Task 1 wilI be used to refine
calculations for the full axial length of
the hub.
Task 3, Hub and Rim Fabrication. Two
assembled rotors, shown in Fig. 3, will be
comp I eted.

Hub testing will be conducted on
three hub sections of 1-ln. axial length
and will consist of compression testing
across one opposite set of spokes to learn
the location, mode, and load at failure.
One hub will be cycled 100 cycles under
load to a stress that wilI give an accelerated, full-life test. The third hub

Flywheel rotor assembly
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The hub will be fabricated by SCI,
using the methods developed and proved
during Task 1. The hub consists of multiple slats, alternately bonded one upon
another to form a four-spoke hub with a
rigid cruciform shape. (See Fig. 4 ) . The
two-module rim will be similar to the one
qualified by AiResearch on the DOE'S NearTerm Electric Vehicle contract.

Task 5, ProducibiIity and Cost Analysis.
The costs and processes involved in the
full-scale production of flywheels will
be analyzed to provide data for accurate
cost tradeoffs of potential flywheel applications. Cost-effectiveness is affected
mainly by the design configuration, by
seal ing for economic use of materials, and
by effective tool ing and production techniques. Depending on the application,
whether vehicular or stationary, or whether
large or small, material tradeoffs will
produce the greatest economy. Rotor speed,
and therefore rotor size, not only affect
the cost of the rotor, but very strongly
affect the cost of housing and installation. These relationships between size,
speed, and cost will be presented in this
task. ProducibiIity and tooling of uniaxial composite products are areas that
require a great deal of development.
Certain cost-effective processes are being
appIi ed to the fIywheeI rotor i n Phase I to
allow closer evaluation of producibiIity.
Task 6, Final Report and Program Review.
All work accomplished will be described in
a final report which will include results
of (1) material evaluations, (2) material
tests, (3) stress analyses, (4) flywheel
dynamic studies (critical speeds, creep vs
Dalance, etc.), (5) producibiIity studies,
and (6) Phase II test plan. Fabrication
techniques and equipment will be described
and flywheel outline drawings will be
included. Photos will supplement the
descriptions.

19
CRUCIFORM HUB MADE
OF 69 SLATS

SLAT

ACCOMPLISHMENTS TO DATE

Fig. 4. Composite Hub
Task 4, Test Planning. A spin test of the
the rotor will be planned for Phase II. In
this test, the flywheel will be suspended
on a quill shaft in a spin pit evacuated
to approximately 1 micron of Hg. The
flywheel will be cycled 100 times between
maximum and 33-percent speed. Deceleration
will be accomplished at a shaft power output rate of 37 kw by means of a reversethrust nozzle on the air turbine. The
wheel will be examined after the test for
signs of fatigue fracture, material property changes, and any deterioration or
damage.
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The epoxy matrix material has been
qualified as a satisfactory replacement for
the previously used epoxy by hydrostatic
testing of flywheel rings. Fig. 5 shows
the hydrostatic test fixture used to determine modulus of elasticity from tests of
ring stretch vs internal pressure. Ultimate strength also was obtained on the
test rings by bursting them in the fixture
and recording the burst pressure. Placement of the test ring in the fixture is
shown in Fig. 6. Table 1 compares the
results of the current and previous epoxy
matrixes in Kevlar 49.

Table 1. Comparison of Current and Previous
Epoxy Matrixes in Kevlar 49.
Parameter

Current

Modul us of
elasticity, psi

14.23 x 10

Ultimate
strength, psi

157,000

Previous
6

13.37 x 10 6
163,000

Graphite hub slats and the hub
assembly mold have been tested and evaluated for their ability to produce parts
with Iimited stress concentrations, smooth
faying surfaces, and good dimensional uniformity. Inspection of preliminary samples
produced by that tooling is under way.
The design analysis has been completed, and the results of that analysis
have been applied to the hub tool ing.
Specifically, the spoke/rim interface
design has been analyzed to ensure that
radial forces result in manageable transverse stresses in the rim. The analysis
of mechanical and thermal stresses associated with fabrication and assembly will
a I low the composite hub to be mated with
the composite rim to compensate for the
operational deformations.

Fig. 5. Hydrostatic test fixture
TEST SPECIMEN

Detailed analyses of stress concentrations at the hub root have been made as
guides to spin testing where actual
stresses must be empirically determined.

FUTURE WORK
Upon the completion of the three 1-in.
hub test specimens, they will be tested
statically and cyclically to determine the
basic slat quality and the quality of the
slat-to-slat bond integrity. These tests
results will be used to validate the analysis. Final adjustments, if needed, will
be made to tool ing and processes in preparation for the fabrication of the 4-in.wide hubs.

Fig. 6. Hydrostatic test section
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SESSION IV: SOLAR MECHANICAL
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PROJECT SUMMARY
Project Title: Solar Mechanical Energy Storage Project
Principal Investigators:
Organization:

H. M. Dodd and B. C. Caskey

Sandia Laboratories, Division 4716
Albuquerque, NM 87185
(505) 264-8835

Project Goals: The goal of this project is to identify and develop mechanical
energy storage technologies for eventual commercialization, with the
emphasis on solar (sun and wind) sources. The project utilizes
results of systems analysis, special studies, and detailed design
studies to define areas for hardware demonstration projects. The
resulting cost and performance data will be available for consideration by industry. The project involves both Sandia in-house analysis
and contracts with universities and industries.
Project Status: System analysis has identified flywheel energy storage as the most
promising of the mechanical energy storage technologies for residential applications. Therefore, ongoing special study and detailed design study contracts (three with universities, two with
industries) address various aspects of stationary flywheel energy
storage. All will be completed late in FY 1979 when a decision
on construction of a demonstration flywheel system will be made.
Additionally, pneumatic (compressed air) industrial energy storage
systems are being studied, along with some advanced concepts.
Systems analysis, in addition to evaluation of proposed systems,
is being used to investigate the relationship of various storage
usage strategies with factors such as time-of-use pricing and
energy sell-back.
Contract Number: AT (29-D-789
Contract Period: Oct. 1977 - Sept. 1982
Funding Level:

FY 1978-$285,000; FY 1979-$553,000

Funding Source: DOE, Division of Energy Storage, Advanced Physical
Methods Branch
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SOLAR MECHANICAL ENERGY STORAGE PROJECT
B. C. Caskey
Sandia Laboratories
Systems Analysis Division 4716
Albuquerque/ New Mexico 87185

ABSTRACT
Plans for the Solar Mechanical Energy Storage Project are presented,
and its current status is described. Systems analyses have identified
flywheel energy storage systems as the most promising technology for
small to intermediate load applications. Detailed design studies and
special studies are under way to investigate this storage mode. Additional analyses and pneumatic system studies are planned for FY79 as well
as a decision on whether to construct a prototype flywheel energy storage
system.
INTRODUCTION
In FY77 Sandia Laboratories
was assigned primary responsibility
for the Solar Mechanical Energy
Storage Project by the US Department of Energy (DOE, formerly ERDA).
Activities for that year included
development of an optimizing systems analysis computer program
called ENERA and subsequent analyses utilizing ENERA. H. M. Dodd,
et al presented a paper in September 1977 titled "An Assessment of
Mechanical Energy Storage for Solar
Systems."1 This paper and later
results showed that flywheel systems are the most promising mechanical energy storage devices for
residential applications. Therefore, the primary emphasis has
been on development of low-cost
stationary flywheel technology.
Activities for FY79 will include a
more detailed investigation of
pneumatic energy storage systems
for industrial and residential
applications, storage for agricultural use, and an evaluation of
advanced concepts.

ization, scope, and management
philosophy of the Solar Mechanical
Energy Project, followed by an account of the status and plans of
each of the three project tasks.
ORGANIZATION
The DOE's Advanced Physical
Methods Branch funds this project.
This Branch, directed by Dr. G. C.
Chang, is in the Energy Storage
Systems Division of Energy Technology. Figure 1 shows the Sandia
Laboratories project organization
and identifies the principals with
their functions. Sandia will devote -2.5 man-years to this project
in FY79.
J. H. SCOTT
DIRECTOR OF
ENERGY PROGRAMS

X

|

G.E. BRANDVOLD
SOLAR ENERGY PROJECTS
DEPARTMENT

MANAGEMENT
H. H. DODD
SYSTEMS ANALYSIS
DIVISION

C. CASKEY
EM^ ANAl Y M

[ H 7 E. SCK1LDKNECHT
TECHNICAL CONTRACT
MANAGEMENT

STAFF

PROJECT DESCRIPTION
Described below are the organ-

Fig. 1. Solar Mechanical Energy Storage Project Organization at Sandia
Laboratories, Albuquerque, NM.

Sandia Laboratories is a US Department of Energy (DOE) facility. This
work was supported by the Division of Energy Technology, US DOE, under
Contract AT(29-1)-789.
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SCOPE
| PROJECT PHILOSOPHY |

This project is concerned with
mechanical energy storage modes
that may be used in conjunction
with solar (including wind) inputs
supplying small to intermediate
loads. Since, for central station
utility applications, energy storage would be tied to the grid
rather than to a solar energy
source, this project does not address central station applications.
Figure 2 lists the sources, storage
modes, and applications to be considered.

MOUSING
WUCWONS

DEMONSTRATION >
PROJECTS
J

[PROJECT SCOPE I

TECHNOLOGY TRANSFER TO INDUSTRY

RESIDENTIAL

This information flow cycle is
expected to continue for other storage modes and applications until
they have been either demonstrated
or rejected.

INTERMEDIATE

WIND

Additional advanced mechanical
energy storage concepts are expected to be proposed, studied and
entered into the development cycle
as appropriate.

ADVANCED'

I SOURCE|

|MODE|

„

Fig. 3. Solar Mechanical Energy
Storage Project Management Philosophy Leading to Mechanical Energy
Storage Commercialization.

FLYWHEELS .

SOLAR

DETAILED
DESIGN
STUDIES

'N
J

| APPLICATION!

Fig. 2. Solar Mechanical Energy
Storage Project Scope.
MANAGEMENT PHILOSOPHY
The goal of this project is to
identi fy and develop appropriate
mechanical energy storage technologies for eventual industrial commercial uses. Figure 3 reveals the
underlying relationship among tasks.
Based on existing technology, flywheel energy storage has been
identified as the most promising
residential application; detailed
design studies are under way to
generate credible cost and performance data* During the fourth
quarter of FY79, additional systems
analyses will use these data to
form the basis for a decision on
constructing and testing a demonstration flywheel energy storage
system. These detailed design
studies, in conjunction with systems analysis, may identify collector-to-storage interfaces that require detailed development.
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Figure 4, which presents the
project milestone chart for the
next three fiscal years, reflects
this philosophy. Positive decisions are assumed on both flywheel
and pneumatic system demonstration
projects. Development of an interface between a vertical-axis wind
turbine (VAWT) and a flywheel energy
storage system (FESS) is also shown
as a likely candidate.
TASK I.

RESEARCH ON ADVANCED
CONCEPTS

Systems Analysis. During FY78, the
systems analysis code ENERA was
used to develop representative supply and demand data for use in the
detailed design studies for flywheel energy storage systems. Both
photovoltaic2 and wind3 energy
sources were used. Improvements to
the code are planned in three areas:
1.

Time-of-Day Pricing—utility
power costs will be a function

FY79
O N D J F M A M J J A S

FY80
O N D J F M A M J J A S

FY81
O N D J F M A M J J A S

Task I. Advanced Concepts
A. Systems Analysis

(SLA)

B. Special Studies
(Contracts)
1. Advanced Pneumatic
Storage
2. Cellulosic Flywheel
3. Variable Inertia Flywheel
4. Flexible Flywheel
5. Industrial Compressed
Air Storage
6. Advanced Concepts

00

ro

Task I I . Prototype Development
A. Detailed Design Studies
1.
2.
3.
4.
5.

Contract Management
Residential PV/FESS
Residential Wind/FESS
Intermediate-size FESS
Advanced Concepts

B. Storage/Collector
face
1. VAWT-FESS

-A

.RFP.
.RFP

Inter-

Interface

RFP,

C. Construct and Test

-A

1. FESS (10 kWh)
2. Pneumatic ESS
3. FESS (100 kWh)

.RFP.

Task III. Headquarters Suppt
Note:

V Start
A Finish
F i g . 4.

Solar Mechanical Energy Storage Project Milestone Chart

cepts are periodically forthcoming from individuals, universities, and industry. Each
concept must be examined to
assure that no good idea is
overlooked. All special
studies funded under this project resulted from unsolicited
proposals judged to have
potential payoff.

of the time of day. Many utilities are proposing or adopting
this technique to reflect their
production costs. The effect of
time-of-day prices on storage
desirability will be studied.
2.

Utility Sellback—energy sellback to the utility at some
fraction of the utility's selling price may affect the usefulness of storage, since the
grid essentially provides
storage capability.

Special Studies. The following
special studies will be described
in detail in subsequent presentations at this conference:

3.

Storage Logic—with the improvements listed above, the
disposition of energy from the
source as a function of time,
state of storage, anticipated
use, and predicted supply,
poses a significant modeling
challenge. Several storage
strategies will be tried to determine the appropriate level
of sophistication.
<
In addition to refinements in
the flywheel system analyses, the
following areas will be explored
subject to manpower constraints:

There are two additional special
studies:

1.

Pumped Hydro/Wells—underground
aquifers have been proposed for
storage by utilizing existing
wells and adding a downhole
pump/generator and an aboveground pond.

1.

2.

Industrial Compressed Air—Jalar
Associates is studying the industrial use of compressed air
as a power source as an appropriate use of solar energy
(wind turbine) and storage.

Industrial Compressed A i r —
Jalar Associates is investigating the feasibility of
utilizing solar sources to
generate compressed air for
storage and use by industries
presently consuming significant
quantities of compressed air
in their operations. The
6-month study began in September and will be reported in
detail at the next contractor's
conference.

3.

Agricultural Applications—the
BDM Corporation, under contract
to Sandia's photovoltaic (PV)
project, is identifying agricultural applications for PV
energy. One application that
would require daily storage is
a dairy farm with two daily
peak demands, just before and
after PV energy is collected,
which requires that essentially
all the collected energy flow
through storage.

2.

Pneumatic Energy Storage System—Sandia has been negotiating for several months to
arrive at satisfactory terms
for placement of a contract
for a 12-month study of pneumatic storage systems and components. This study will also
be reported in detail at the
next conference.

4.

1.

Variable-Inertia Flywheel—
David G. Ullman from Union
College in Sch'enectady, NY.

2.

Cellulosic Flywheels—Arthur
G. Erdman from the University
of Minnesota in Minneapolis,
MN.

3.

Flexible Flywheels—John M.
Vance from Texas A& M in
College Station, TX.

TASK II. PROTOTYPE DEVELOPMENT
Detailed Design Studies. Two design studies are under way for
residential flywheel energy-storage

Other Advanced Concepts—new
storage or applications con183

systems and will be described at
this conference. They are:
1.

2.

and pneumatic systems are subjected
to detailed scrutiny. Advanced
concepts and unique applications
are constantly being evaluated for
further study.

Residential Flywheel with
Photovoltaic Array Supply—
Francis C. Younger from William M. Brobeck & Associates
in Berkeley, CA.
Residential Flywheel with Wind
Turbine Supply—Theodore W.
Place from Garrett-AiResearch
in Torrance, CA.

A major decision milestone
late in FY79 will provide for constructing and testing one or more
energy storage systems.
REFERENCES
1.

H. M. Dodd, R. E. D. Stewart,
et al, "An Assessment of Mechanical Energy Storage for Solar
Systems," 12th Intersociety
Energy Conversion Engineering
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Energy Storage System, Wind
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Depending on the results of
these contracts and additional
anlyses, a request for proposal
(RFP) may be issued late in FY79.
This RFP will request study of an
intermediate-sized system, perhaps
for an agricultural application.
Storage/Collector Interface. Based
on ongoing studies and analyses,
it is anticipated that an RFP will
be issued during the fourth quarter
of FY79 to develop the special
hardware required to interface
storage to the collector, A VAWT
interface to a flywheel energy
storage system is a likely candidate. Another possibility is a
wind-turbine interface to an air
compressor.
Construct and Test. Assuming favorable results from either or both
the flywheel and pneumatic energy
storage system studies now under
way, RFPs will be issued to construct and test demonstration
systems. This decision milestone
will occur during the fourth
quarter of FY79.
TASK III. HEADQUARTERS SUPPORT
Project
Headquarters
cal monitors
by attending
ferences.

personnel support DOE
by acting as technifor DOE contracts and
meetings and conSUMMARY

The Solar Mechanical Energy
Storage Project is committed to
developing appropriate mechanicalenergy storage technologies for
eventual commercialization by industry. In the initial phase of
this project, small-scale flywheel
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PROJECT SUMMARY
Project T i t l e :

I n v e s t i g a t i o n o f the Potential of a Variable I n e r t i a Flywheel
Energy Storage System

Principal I n v e s t i g a t o r :
Organization:

Project Goals:

D. G. Ullman

Union College
Mechanical Engineering Dept.
Schenectady, NY 12308
(518) 370-6264
Study o f dynamics of a Band Type Variable I n e r t i a Flywheel (BVIF)

with fixed-ratio power recirculation for rotational rate control.
From these studies, determine i f the BVIF concept offers potential
advantages in the areas of economy, r e l i a b i l i t y , and efficiency.
Project Status: The dynamic modeling of the BVIF less i t s fixed-ratio power re-

circulation system for controlled inertia change was completed
and documented. Computer simulation studies were initiated
to analyze the dynamic characteristics of this truncated configuration. Expansion of the dynamic model to include the power
recirculation system was started. Parts fabrication/procurement
for a small scale proof-of-concept BVIF was completed and
assembly work initiated.
Contract Number: 07-3662
Contract Period: June 1978 - June 1979
Funding Level:

$25,325

Funding Source:

Sandia Laboratories, Albuquerque
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THE BAND TYPE VARIABLE INERTIA FLYWHEEL AND FIXED RATIO
POWER RECIRCULATION APPLIED TO IT

C. G. Ullman
Mechanical Engineering Department
Union College
Schenectady, New York 12308

ABSTRACT

A flywheel with variable moment of inertia created by thin bands winding about a
central hub in a hollow casing is introduced. This mechanism combines the functions of
energy storage and power control. Configurations with the moment of inertia change
internally controlled through fixed gearing are introduced.

INTRODUCTION
Due to its very simplicity, the
concept of storing energy in the rotating
mass of a flywheel seems very attractive.
A closer look, however, reveals subtleties
which significantly complicate the implementation of an operational system.
Primary among these complicating factors
is the difficulty of transferring the
energy to and from the energy storage flywheel .

If the equation for stored energy is
reconsidered, another approach to the
problem becomes evident. It may be
possible to alter the moment of inertia of
the flywheel to gain added control of the
release of stored energy. The resulting
mechanism is called a Variable Inertia
Flywheel (VIF). This mechanism is an
energy storage device whose output can be
controlled to meet the load requirements.
THE BVIF

The governing energy relation for a
flywheel is
E = %Iw 2

(1)

where E is the energy content of the flywheel, I is the moment of inertia of the
flywheel about the axis of rotation and u)
is its angular rate. Thus in order to
retrieve stored energy from a flywheel the
rotational rate must decrease. This
decrease in rotational rate is not desirable as systems being powered by flywheels
usually require a rotational rate which is
constant or even increasing. This mismatch
in rotational rate is usually compensated
for by the use of a variable ratio
transmission such as a traction drive, a
hydraulic pump and motor, or an electric
generator and motor. Each of these
systems has drawbacks either in terms of
cost, reliability, or most importantly,
efficiency. Specifically, the electric
and hydraulic transmissions (the most
technically developed) may be inefficient
and costly enough to hamper the practical
development of commercial flywheel energy
storage systems.

1S6

Potential Variable Inertia Flywheel
Designs fall into two classes, fluid and
mechanical1'2. The configuration which
seems to have the qualities necessary for
a successful system is the coiled band
variable inertia flywheel BVIF which is
shown in Fig. 1. This flywheel is
composed of a hollow outer casing and a
separate central hub. Connecting these is
a band of some flexible material mounted
as the mainspring in a watch. Centrifugal
force due to rotation pushes the band to
the outer edge of the hollow casing. As
the central hub is rotated relative to the
outer casing the band is wound onto the
hub lowering the moment of inertia of the
system. What controls the state of the
band is a balance between the centrifugal
force on the band, the angular rate difference between the central hub and the
casing and the torque flow through the
mechanism supplemented by the torque
variation caused by the change in state of
the band itself. Work on this concept has
appeared since an initial patent in 1965 3 .
Much of this work has been in the USSR
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with two patents
and one published
article in English6. However the authors
have been unable to find any dynamic
analysis of such a mechanism in the open
literature. The dynamic balance of
torques, forces, and momentum is surely
complex. Understanding of the dynamics is
required to fully understand the potential
of the device.

FIGURE 1
BAND T W E VARIABLE INERTIA FLYWKEEL
The major appeal of this configuration
over others presented in References 1 and
2 is in its high energy density compared
to other designs and that the moment of
inertia change is accomplished in a rotational manner. This latter aspect of the
BVIF is very important as all other mechanical configurations considered1 require
linear motion to change moment of inertia
such as moving a mass on a radial spoke.
The transmission of powe~ from a high rpm
rotating source through a mechanism to
cause a small distance translation motion
is very inefficient.
FIXED RATIO POWER RECIRCULATION
In References 1 and 2 it was shown that
for any variable inertia flywheel rotating
at constant rpm it takes one unit of power
to change the moment of inertia for each
two units of power exchanged between the
VIF and an external system. Thus if a VIF
gives up two units of power, one must go
to change the moment of inertia while one
to power the load or in an alternate case
one unit of power can come from an outside
source to change moment of inertia and
then two units can go to the load.
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A VIF with the power for inertia
change coming from an outside source is
much like a mechanical power amplifier.
This configuration is the primary consideration of the Russian patents*5 and is
not discussed further in this paper.
When one unit of power is fed back to
change the moment of inertia, the power
is said to recirculate within the VIF. It
would be most desirable to have this
recirculating power flow for inertia
change to be completely controllable
allowing for differing inertia change
requirements. Unfortunately, complete
controllability of the recirculating power
can only be had with a variable ratio
transmission such as that which the VIF is
proposed to eliminate. Also, it was shown
that with constant rotational rate loading
the amount of power to be recirculated
through the variable ratio transmission
would be the same as that output. Thus
it appears that the VIF with a variable
ratio transmission taking power from the
output shaft to change moment of inertia
would have no better efficiency than a
fixed inertia flywheel with the variable
ratio transmission on the output shaft.
However, complete control of the
recirculating power may not be required
for most tasks as the nature of the loading is usually reasonably well known and
slight deviations from the desired are
usually tolerated; thus it may be possible
to create a fixed ratio power recirculation path to meet the requirements of a
specific load. Thus use of the term
"fixed ratio power recirculation" implies
that the mechanism carrying power to
create the inertia change is of fixed
geometry or at a maximum countably few
variations in geometry (eg: a fixed ratio
transmission). The result of this VIF
with a fixed path, is a flywheel with
fixed properties which differ from those
of a standard fixed inertia flywheel.
Another way of stating this is that now
the moment of inertia is a function of
angular rate so that the torque is now
totally a function of angular rate but
different from that of a standard fixed
inertia flywheel.
PROJECT DESCRIPTION
The two concepts of the Band Type
Variable Inertia Flywheel and Fixed Rat*?
Power Recirculation are not independent
as, the potential results of Fixed Ratio
Power Recirculation are dependent on the

characteristics of the BVIF considered.
Thus the project is organized to first
determine the dynamics of the BVIF and
then apply fixed ratio power recirculation
to it.

BAND MATERIAL

The work on this project is being
approached by first modeling the dynamics
of the system and then building and testing a proof-of-concept model to check the
adequacy of the mathematics. Thus the
four resulting tasks are:
1.
2.
3.

4.

Dynamic Modeling" of the Band
Type VIF (BVIF).
Construction and Testing of a
Proof-of-Concept Band Type VIF.
Dynamic Modeling of Fixed Ratio
Power Recirculation as applied
to the BVIF.
Construction and Testing of a
Proof-of-Coneept BVIF with Fixed
Ratio Power Recirculation.
FIGURE 2
BVIF PLAN VIEW

These tasks constitute a program which
is,at this writing, less than one half
complete. The first task is finished and
its results are reported in this paper.
The other tasks are scheduled for
completion by May 1979.

Each of the n bands is of thickness
h, width b, and density p.
The moments of inertia of this
system are considered in two parts, that
for the outer casing and the band material
rotating at u , hereafter called I , and
that for the inner hub and material rotating at angular rate oij, hereafter called
I.. Included in these moments of inertia
mist be the non-variable, fixed moments of
inertia of the outer casing I
and of the
°f
hub I.

BAND TYPE VIF DYNAMIC EQUATIONS
Consider the Band Type VIF composed
of a band(s) in an inner casing connected
to a central hub as shown in Fig. 2.
The inner radius of the casing is r,.
The inner radius of the band material
pressed by centrifugal forces against the
wall of the casing is r,. The outer
radius of the material wound about the
inner hub is
and the radius of the
inner hub is r... It is assumed that only
a small amount of material is floating
between the inner and outer portions.
There is experimental evidence to support
this assumption.

Thus

h=
and

The dependent variables, the moments
of inertia, are functions of the radii r.
and r.. These two radii are not independent with their relation fixed by the
total amount of material in the casing.
With n bands of length L and thickness h,
the total volume of material in the VIF
is

The outer casing is rotating at
angular rate (i)o and the inner casing at
rate U). in the same direction. The
difference between w. and to causes the
material to be moved from the inner to
the outer portion or vice-versa thus
changing radii r. and r,. Radii r, and
r^ are constant, fixed by the solid
geometry of the hub and casing (except
for expansion due to the forces of rotation).

V = nLbh.
This volume is distributed as two
hollow cylinders, one against the outer
casing and one around the inner hub or
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(A)

(5)
The small amount of material between
radii r 2 and r3 which is not accounted for
is insignificant when compared to the
total volume of material. Equating (4)
and (5) and writing r, as a function of
then

(6)
Thus with Eq. (2), (3) and (6) the
moments of inertia of the system can be
written as a function of radius r^> But,
r_ is a function of the time history of
tne angular rates u and w..
Although the mass of the material
between the inner and outer band masses
has been ignored it does act to transfer
power between the material wound around
the hub and that against the outer casing.
The torque which transmits the power, T ,
tries to accelerate the inner hub and
retard the outer casing. This torque is
given by,*

BVIF. The second of these utilizes Fixed
Ratio Power Recirculation and is one of
many fixed ratio systems being studied.
The VIF as modeled has effectively
two shafts leaving the system. One shaft
is connected to the outer race, is rotating u>Q and has an external torque on it of
T (positive in the direction of rotation).
Tne other shaft is connected to the inner
hub, is rotating at angular rate u>. and
has an external torque on it of T.
(positive in the direction of rotation).
The loads on these two shafts are independent.
The simplest loading (called a Type I
system) which will be considered is one
where the band begins at time zero in the
natural state of being pressed entirely
in the outer casing which is rotating at
angular rate w and has no load torque on
it (T = 0) an8 the inner hub is, at time
zero clutched to a load. In other words
the outer casing is free and the shaft
from the inner hub is connected tc the
load.
The load torque is represented by

With the external torque on the inner hub
as T. and that on the outer casing is T
the equations of motion for the BVIF are:
T

t

=

2—
dt

(8)

and
T

- T = ^^
o t
dt

(9)

To complete the description of the
BVIF system, the characteristics of the
external systems which relate T , T., w ,
and to. must be derived. These external0
systems determine the exact configuration
of the BVIF as it is those items outside
the BVIF itself which cause the BVIF as
a power amplifier or a flywheel with
Fixed Ratio Power Recirculation or in some
other manner.
There are many potential ways of
connecting the two shafts to an external
system (1,3,5). Presented here are 2
types of loading techniques. The first
of these configurations is what is considered the most basic loading of the

Derivation to appear in a forthcoming
paper.
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(10)
where
= -T±,

(11)

Ty is dry friction, I is the moment of
inertia of the load and T^ is an aerodynamic drag coefficient. This configuration is shown in Fig. 1.
A type of BVIF with Fixed Ratio Power
Recirculation has the load again attached
to the shaft from the inner hub, but now
also has the outer casing connected to
the inner hub by the band and by a gear
set. Thus in this configuration, hereafter referred to as Type II, the angular
rate of the inner hub shaft and the outer
casing are related in some fixed manner.
A sketch of this configuration is shown
in Fig. 3 where the gear set is an
epicyclic. This form of gearing has been
chosen as the ratio between w. and 0)
needs to be close to unity. The exact
value of the gear ratio depends on the
nature of the loading and the BVIF configuration as a gear ratio close to unity
will cause the band to transfer slowly
and a ratio far from unity will cause a
rapid transfer creating a higher torque
at a given rotational rate. For this

configuration with the gear ratio, g, and
the load rotational rate equal to the
inner shaft rate then
(12)
Also T.

L

where T

-T.-To/g

(13)
Input for each run of the simulation
must be:

is as defined in Equation 10.
LJ

Material Density,
Material Width,
Material Thickness,
Number of Bands,
Length of Each Band,
Inner Hub Radius,
Outer Casing Inner Radius,
Fixed Inner Moment of Inertia,
Fixed Outer Moment of Inertia,
Initial Inner Radius of Band Material,
Initial Outer Angular Rate,
Load Friction Torque,
Load Aero Torque Coefficient, and
Load Moment of Inertia.

EPICYCLIC GEAR
SET

FIGURE 3
FIXED RATIO POWER RECIRCULAIIOH BAND
TYPE VARIABLE INERTIA FLYWHEEL

Unfortunately whichever type of BVIF/
load system is chosen the resulting differential equations are highly nonlinear.
Attempts to linearize them have proven
unacceptable in that the characteristics
of the system have been lost. Thus the
equations have been programmed on a
digital computer and step wise integrated
using a Runge-Kutta technique.
BVIF SYSTEM SIMULATION
To demonstrate the gross nonlinearity
of the equations representing a BVIF
system the Type I system will be analyzed.
With T = 0 Equations 8 and 9 reduce to
T

i

+ T

t

These equations along with those describing
the dependence of I , I , and T on the
band state and angular rate history
constitute a set of nonlinear differential
equations which are stepwise solved on the
computer.

—
dt

The initial conditions which must be
set for each run are the initial inner
angular rate, the initial outer angular
rate, and the initial position of the band
material. This latter condition is given
in terms of the initial value of the
radius of the band material wrapped on the
inner hub. Thus .5 inch would imply no
material is around the hub and all the
material is in the outer casing. This is
the assumed usual initial band condition.

(14)

and

_x = —

For each run to be discussed in this paper
the band material is steel, density =
.00073 lb sec2/in, it is 1 in wide, .005
in thick, and there are 2 bands each
optimally 324 ft long.* The inner hub has
.5 inch radius and the outer casing has
5 inch internal radius. The above
geometry is that which is used in an
experimental apparatus being constructed.
In these simulations the mechanism has an
estimated fixed inner moment of inertia
of .01 lb-sec^-in and an estimated outer
fixed moment of inertia of .1 lb-sec^-in.

(15)

t
dt
where from Equations
10 and 11
(16)
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* "optimally" infers that the moment of
inertia of material in the BVIF is such
that the difference between the maximum
moment of inertia and the minimum moment
of inertia is as large as is physically
possible. The derivation of this result
will appear in a forthcoming paper.

As an example of the performance of
the BVIF the outer casing initial angular
rate was set at 100 rad/sec (995 rpm) and
the initial inner hub angular rate was
varied below these outer rates. These
initial conditions result in initial
stored energy of about 3200 in 1b (267 ft
lb, .1 watt hr). The load conditions were
set with T = 0 (aero drag torque) and T p
(load constant friction torque) and I
(load inertia) as variables. If the aero
drag torque were not zero it would combine
with the inertia to represent an essentially constant torque throughout acceleration
and steady state operation. Thus varying
only the constant load torque and its
inertia are sufficient to understand the
operation of the Type I BVIF. The baseline values used for the load variables
are T^ = 1 in-lb and I = 1 lb-sec^-in.
If the baseline load were connected to a
fixed inertia flywheel of the same initial
inertia and energy content as the EVIF
and rotating at 100 rad/secs the resultant
angular rate time history of the load
would be:

history Fig. 5, shows the band transferring from the outer casing to the inner
hub in 11 seconds ending the run. During
this time the BVIF only releases about 25
percent of its energy to the load as shown
in the energy time history plot, Fig. 6.
The torque provided by the BVIF to the
load increases steadily with time as shown
in Fig. 7.

(rad/uc)

0) = 100 - .66t(rad/sec),

FIGURE 4
Load angular rate time history with
Initial outer casing angular rate of 100
rad/sec and variation of Initial load
(inner hub) angular rate. T f = .108 N-m
(1 in-lb), I. = .108 N'm-sec2 (1 1n-lb-sec*).

a constant deceleration with u = 0 at 150
seconds. This behavior can be compared to
that of the BVIF operating with different
inner hub initial angular rates, w. . The
cases to be considered are:
o

Case

(rad/sec)

>

20
40
60
80
95

t (sec)
11
15.5
57
120
132

N
D
P
0
5
I
T
I
0
H

Note that the last column is the total
time it took the band to reach one of its
limits in winding or unwinding. In all
data plots which follow, time is normalized
with respect to this total run time. This
makes visualizing the effects of parameter
changes somewhat easier.

.4
.6
HOUWLIZED TIME t/t»

For Case 1, the initial angular rate
of the load is only 20% of that of the
outer casing containing the band material.
As can be seen in Figure 4 the angular
rate remains essentially constant throughout the first 2/3 of the run before
increasing at the end. The band material

FIGURE 5
Band Position time History with initial
outer casing angular rate of 100 rad/sec
and variation of Initial load (inner hub)
angular rate. T p = .108 N-m (1 in-lb),
I L = .108 N-m-sec2 (1 in-lb-sec2)
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Physically, what is happening in
case 1 is that the torque load is
approximately equal the torque transferred by the bands, T of Eq. 7. This
torque is produced By the reduction in
moment of inertia of the band material in
the outer casing. Thus the slower inner
hub produces the torque T by causing the
material to wind on the hub. This torque
also balances the loss in angular momentun
of the outer casing which is primarily
due to change in moment of inertia while
angular rate holding near constant. In
other words the torque demand by the load
causes the inner hub to resist acceleration resulting in a mass transfer to the
hub. This transfer increases the momentum
of the hub and decreases that of the
casing. Angular rate changes occur to
keep the changes in momentum balanced
with the torques.

(«tt-hr)

0

.2

.«

.«

FIGURE 6
BVIF Energy content time hi-story with
I n i t i a l outer casing angular rate of 100
rad/sec and variation of i n i t i a l load
(inner hub) angular rate.

Tp • .108 N-m

(1 i n - l b ) , I L ' .108 N-m-sec2 (1 in-lb-sec 2 )

If the initial angular rate is
increased to 40 rad/sec (case 2) there is
very little change in the behavior of the
BVIF. The run now takes 15.5 sec and 53%
of the energy is given up (most at the
end of the run). However, if the initial
angular rate is raised to 60 rad/sec as
in case 3 the behavior becomes drastically
different.

In case 3 the angular rate s t a r t s
to decrease then increases and again
decreases (Fig. 4). What i s happening can
be explained by examining Equ. 14. When
the angular rate slope changes from a
positive to negative or vice-versa then
I.(I). = 0 so that Equ. 14 can be rewritten

t

o
•
0

v

wxtfe T.i = -T T as

t
T
0

IJ

s

(17)

D

From equation 7

'l
(•••]

T

2 2
2 2
-(positive terms)(r, w -r to ).(18)

t

Thus
Normalized Time

t(positive terms)

FIGURE 7

1

Torque to'load time history with I n i t i a l
outer casing angular rate of 100 rad/sec
and variation of I n i t i a l load (inner hub)
angular rate.

?] -T ] (19)

T F • .108 N-m (1 1n-lb),

I, - .108 N-m-sec2 (1 1n-1b-sec 2 ).
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The first reflex in the curve is
caused by a balance of the terms in Equ.
19. The second reflex is more interesting
as the terms in Equ. 19 cancel leaving
I. = 0. This can be seen in Fig. 5 where
tfte band stops winding onto the inner hub
and reverses itself winding back into
the outer casing. What is occurring is
that the combination of the

2 2
r 0) and T terms have become greater than
2 i
L
2 2
r U . With r~ increasing at a rate greater ?han r_ and UK near the value of to
this reversal can occur.
After the change in the winding
direction of the band the BVIF continues
to give up energy to the load (Fig. 6)
while the angular rate slowly decreases.

sec to decay. Cases 4 and 5 take 120 and
132 sec respectively. Thus it can be
concluded for the loading used that at
high initial angular rates of the hub the
BVIF acts like a standard flywheel. With
lower initial angular rate the band winds
on the hub faster resulting in lower overall run time, t n .
K
As can be readily seen the behavior
of the BVIF is variable depending on the
initial status. Simulations have also
been performed with the load conditions as
variables. In these simulations certain
loads result in a BVIF which gives up
energy to the load while accelerating it.
This implies that future work should lead
to a BVIF with truly usable characteristics.

It must also be noted in comparing
Case 1 and Case 3 that the outer casing
angular rate increases in Case 1 but
decreases in Case 3. This accounts for
the higher energy release from Case 3
where w o final is only 26 rad/sec compared
to 139 rad/sec for Case 1. The reason for
this is that in Case 1 the torque from the
band, T t is higher than in Case 3. In
Case 1 this torque is higher than the
angular momentum variation caused by
inertia variation thus the angular rate is
caused to increase to make up the difference.

FUTURE WORK
The above results are a part of a
continuing study and in themselves
incomplete. Simulations are continuing
on various fixed-ratio-power-recirculation
systems such as the Type II configuration
mentioned earlier. It is anticipated that
further simulation of these systems will
enhance the understanding of BVIF dynamics

As can be seen, explaining the causes
of the variations within the BVIF is
quite difficult with the continuous
balance of momentum change along with
energy conservation determining the time
history. If the initial inner hub angular
rate is raised to 80 rad/sec, Case 4, then
the angular rate decreases steadily as
shown in Fig. 4. While this is happening
the band material starts by winding in,
reverses itself and starts by unwinding,
then reverses itself again and continues
to wind in. In this case the relation
between the band torque, T , and the load
torque, T , is such that they change I.
twice in Equ. 19. This configuration x
releases most of its energy to the load as
does Case 5 with an initial angular rate
of 95 rad/sec. For both of these cases
the output is essentially that which
would be of a regular fixed inertia flywheel. Namely, with a regular fixed
inertia flywheel the equation of motion
would be
10,. = - T L = -T

As the proof of the viability of any
concept is in hardware a BVIF is being
constructed with the dimensions used in
the computer simulation presented. This
proof-of-concept model is designed to be
configured as many different types of
systems and can be inertially or frictionally loaded.
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ABSTRACT
Natural cellulosic materials have been shown to have moderately high tensile
strengths, low densities and thus reasonably high specific energies. Thus they appear
to be technically feasible and economically competitive for stationary flywheel energy
storage applications where volume and total mass are not in question. An overview of
previous and current research on cellulose flywheels is given. It has been found that
one to two ton birch plywood rotors could be readily assembled and eight ton kraft paper
rotors are available. Even larger rotors can be made using existing technology. The
birch plywood rotors can be made at a cost of 4 wh/$ and the kraft paper rotors are
available at 11 wh/$, with further improvements in costs predicted. Intrinsic specific
energy of 294 kJ/kG (37 wh/lb) has been demonstrated for kraft paper. The objectives
of current research are to establish the working strengths of cellulose in a vacuum as
a function of moisture content and the cyclic fatigue expected in the rotor; to develop
methods to attach hubs and balance cellulose rotors; and. to study the fatigue of representative rotors and hubs under actual cyclic operating conditions. Other objectives
include the vibrational problems during operation, and the design and implementation of
controls for the flywheel system. The efficiencies and use of continuously variable
traction drives are also being studied.
INTRODUCTION

Table 1) The major difficulty with natural materials is the distribution of
defects and variation in properties from
one sample to another. By laminating
multiple layers of veneers to make plywood, these effects can be minimized and
averaged out to retain the high strength.
The effectiveness of this can be seen in
the widespread use of glued laminated
beams and plywood "I" beams for structural use (replacing steel). Similar benefits are obtained by separating the fibers
and reforming them as paper or hardboard.

Natural cellulose fibers have very
high tensile strengths on the order of
1.0 GPa (150,000 psi). Although the actual strengths of clear wood are only
about 160 MPa (23,000 psi), when combined
with a low density of around 700 kg/m3
these strengths result in a surprisingly
high intrinsic specific energy of around
230 kJ/kg (29 wh/lb). The natural abundance of wood and the well established
industries produce comparatively low
prices. These result in intrinsic energy
storage per cost values of natural cellulosic materials competitive with high
performance expensive materials such as
Kevlar, fiberglass, and graphite. (See

The possibility of using cellulosic
materials to make economically competitive flywheel rotors was first recognized
by Rabenhorst in 1972.(1) Cellulosic
196-

rotors appear to be suited to stationary
applications where economics rather than
mass and volume are the governing factors.
The possibility has been mentioned in
several papers since then.(2) Tests of
wood rods and plywood disks spun to destruction at the Applied Physics Laboratory have confirmed the potential of using
cellulose in rotors.(3) Some similar
tests are being performed at the Technical
Institute of iurin. (4) A review of the
literature revealed no work had been done
to assemble and test full scale rotors
from wood. (2)
Research was therefore begun under a
seed grant from the Minnesota Energy
Agency to assemble a small demonstration
model of a flywheel energy storage system
using a plywood rotor. (5) Figure 1
shows a schematic of the demonstration
model which houses a 14 inch diameter
(14 inch length) flywheel that rotates at
a maximum of 5,000 rpm. This pilot study
is being used to gain familiarity with the
practical problems of assembling and
balancing wooden rotors. Consideration
was also given to the task of supporting
the rotor and the associated vibrational
problems anticipated in the operating
regions. Both electronic (Parajust) and
mechanical (a Zero-Max) continuously variable speed controls are used to transmit
the power to and from the rotor. The plywood rotor weighs 28 kg (62 lbs.). A
description of the system has been presented elsewhere. (6)
CELLULOSE ROTOR
A more detailed review of the literature was made to assess in greater depth
the potentials and difficulties of manufacturing large changes with the moisture
content. (7) Very little data exists on
the performance of cellulose under the
vacuum conditions required for high speed
rotors. Extrapolations from existing
data indicate that wood becomes more
brittle, and the strength and toughness
apparently decrease as it dries out.
Elevated temperatures in conventional
oven drying or kiln drying of wood
decrease the strength somewhat. Conservative estimates of assembly costs continued to indicate that plywood rotors
would be competitive with Kevlar or fiberglass rotors in stationary applications.
(7)

practical problems of assembly and
balancing raised by the initial research
are beina pursued in current research
under continued funding from the Minnesota Energy Agency. We propose to scale
up to a 50 kg rotor mounted on a vertical
axis. Some vacuum freeze drying equipment is being renovated to compare the
strengths of oven and vacuum freeze dried
material using conventional methods.
Rotors under actual operating conditions
may become even dryer. A chamber is
being connected to a high vacuum pump to
dry samples out under higher vacuum conditions to see if this has any further
effect on the strength.
The key question is still what is
the design strength of cellulose under
the sustained stress and cyclic loading
conditions in a vacuum experienced by a
flywheel rotor. Studies of the basic
stress strain phenomena are being prepared under funding from Sandia Laboratories. Measurements of the rate of plastic deformation and the acoustic emissions
will be made as functions of the stress
and strain under dry conditions.
Attempts will be made to correlate these
with the duration of load effects. Viscoelastic effects compound the problem
and require high resolution measurements.
A PDP11-03 with a 14 bit (4% digit) analog to digital converter has been obtained
for these tests. The acoustic emissions
up to 100 kHz will be recorded on tape
and digitized at slower speeds for analysis. Data in the literature indicate
that the rate of plastic deformation and
acoustic emissions begin to increase
rapidly around the 50% of ultimate stress
level which seems to correlate with the
long term strength. Measurements of the
fatigue strength in tension under dry
conditions are also planned.
An elastomeric interface between the
metal hubs and the plywood disks has been
found necessary to avoid shear failure
between them under operation. (3) A
cyclic rotary fatigue test bed is being
designed to test the durability of the
hub to rotor attachment as well as that
of the rotor itself under actual operating conditions and fatigue regimes. A
continuously variable drive will be used
to cycle the energy between two identical
disks.

The questions of the strength of
wood at low moisture content and the
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rotors are presently possible using commercially available materials. It is
projected that higher strengths can be
obtained by minor modifications in operating conditions. Leboratory tests of
highly oriented paper have demonstrated
intrinsic specific energies of up to 294
kJ/kg (37 wh/lb). (8) Methods would need
to be developed to be able to approach
these values in commercial quantities.
The actual design strengths for flywheel
rotors again are unknown and need to be
established by experiment. Of particular
concern is the higher creep rates exhibited by composite cellulose materials.
Details of wrapping and supporting such
rotors and the balancing and vibration
problems would also need to be worked out.

COSTS
The large commodity markets of plywood and paper suggest that large flywheel
rotors could be made at low cost. Further
research was conducted this summer (supported by the Applied Physics Laboratory)
on the economics of manufacturing flywheel
rotors. Discussions with several plywood
manufacturers indicate that cylindrical
rotors can easily be assembled from plywood disks using existing equipment. A
one ton flywheel 4 feet in both diameter
and height would cost $470 to assemble
one hundred units, assuming 30% for overhead and profit. The material cost of
birch plywood is $650 (including 23%
waste). This results in a storage cost
on the order of 15.8J/$(4.3 wh/$). These
actual quotes on assembly costs are half
those previously assumed. (7) The birch
plywood is available in 1.5 m x 1.5 m (5
ft x 5 ft) sheets indicating that a two
ton flywheel 5 ft. in diameter and height
could readily be assembled by any plywood
assembler having this size press. Reductions in assembly costs are possible with
higher production runs.

When costs of assembled rotors are
compared, cellulose rotors appear to be
surprisingly competitive with high performance filament rotors, even in large
volumes. The prices of graphite fibers
are predicted to drop down to $23/kg by
1985. The glass and Kevlar filaments are
expected to increase with inflation
unless large unforseen markets develop.
Costs are for both the bare filamert
wound rotors being developed by
Applied Physics Laboratory and for the
composite rotors being developed by
others. Current costs of paperboard are
obviously competitive with all the filamentary rotors shown. Substantial increases in the performance of paper are
potentially possible, resulting in

Preliminary studies of the potential
of using kraft paper to assemble wound
rotors also looks promising. Four ton
rolls are readily available at most mills,
and one mill makes 8 ton rolls 315 in.
long. Costs of lltf/lb to 17<£/lb in mill
lot quantities suggest that storage costs
of 11 wh/$ in full scale cylindrical
Table 1. Energy Storage Potentials and Costs
Material

Density
P r.
kg/nT

Birch Plywood
Paperboard
Superpaper
E-glass/epoxy
S-glass/epoxy
Kevlar 49/epoxy
Graphite/epoxy

700
1000
1100
2100
2000
1320
1520

Strength
0

Fatigue
Factor^

MPa

f

120
75
336

0.6
0.4
0.4
0.3
0.3
0.6
0.5

1100
1750
1800
1500

Estimated for diurnal cycling for 30
years (10,00,0 cycles).
b

c
d

aKfS/p:

Specific
Energy b
kJ/kg
17.6

7.4
33.
38.5
64.3
200.
120.

Material
Costs
$/kq

0.65c
0.22
0.22.
1.10°
4

-50d

20.005
70.00

Labor
Costs e
$/kg

Storage
Costs
$/MJ

.30-.45 54-63
.03-.10, 34-43
8-15
.05-.30T
1 .-10. 55-3409
1.-20. 86-257 9
1 .-10. 105-1609
7.-10- 590-680 s

e

Assembly costs of winding rotors are for
bare filament rotors and for epoxy resinfilament composite rotors.

9

Epoxy resins estimated at $2.00/kg.

K = Shape Factor = 0.35, S =
Safety Factor = 0.70.

Not commercially available.

Includes 23% waste.
Cost estimated by P. Ward Hill, graphite
prices to drop 65% by 1985, all others to
rise with inflation.
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significant increases in overall storage
costs. The major drawback of cellulose
rotors is their low density and large
volume. This can be used to a benefit when
they are used as cores or hubs for composite rotors using higher performance
materials.
CONTINUOUSLY VARIABLE TRANSMISSION
An efficient, low-cost means of applying energy to and retrieving energy from
a flywheel presents a major hurdle that
must be overcome in the development of a
practical flywheel energy storage system.
In order to input energy to a flywheel,
the rotational speed of an input shaft,
which must apply torque to accelerate the
flywheel, must be matched to the flywheel
shaft speed. This problem is magnified
when the input shaft is driven by a power
source such as a wind turbine, which inherently possesses large speed fluctuations. A parallel problem occurs at the
output. The most useful final output of
a flywheel energy storage device is 60 Hz,
AC electric power. Since constant AC
frequency, variable shaft speed generators are not yet available, the varying
speed of the flywheel shaft must be buffered to drive a constant shaft speed AC
generator. Therefore, an electric, hydraulic, or mechanical transmission capable of fulfilling these restraints is a
necessary component of such flywheel energy storage systems.
The current flywheel demonstration
model at the University of Minnesota
(Figure 1) uses a mechanical CVT manufactured by the Zero-Max Corporation in
its output drive train. This CVT has
exhibited promising performance, but it
is not presently available in sizes over
Ts HP. A larger flywheel test station
now being designed will tentatively incorporate a 12 HP CVT manufactured by Eaton
Corporation. This particular transmission, known specifically as the "Cleveland speed variator", is probably the most
popular all-metal traction drive system
presently available in the United States.
The Cleveland variator has especially
great potential as a flywheel transmission
for two reasons: first, the variator
features a top speed of 5,400 rpm, which
exceeds the planned maximum speed of a
cellulose rotor; <=-"*ond, the variator has
an overall input-o > put ratio of 9:1 making it directly a, ,v icable to the expected
operating speed range of a cellulose flywheel. These features raise the possibi199

lity of connecting the variator directly
between the flywheel and the input power
source or output power generator without
shaft intermediate step up-step down couplings.
One of the goals of the future test
station will be to determine the suitability of the Cleveland variator as the coupling element between the flywheel and
external components. Tests are planned to
determine 1) the efficiency of the variator under typical operating conditions,
and 2) the durability of the variator under the power, speed, and cyclic loading
conditions of a flywheel energy storage
system. If the Cleveland variator proves
suitable, a prototype control system to
automatically adjust the CVT to match real
operating conditions will be developed.
If the CVT exhibits problems in the flywheel application, the feasibility of modifying the CVT to operate in this specialized application or employing alternate
mechanical CVT systems, such as variablepitch-pulley or free ball geometries, will
be examined.
FLYWHEEL CONTROL SYSTEM
The control system for the flywheel
has been designed to accomplish two objectives. These are:
1. Maintain the output angular velocity of the continuously variable transmission (CVT) constant as the input velocity from the flywheel varies.
2. Control the input velocity to the
flywheel so as to simulate a typical duty
cycle.
The first object is accomplished by a
relatively simple feedback control system.
The control system consists of a tachometer, a DC motor (See Figure 2 ) , and associated electronics. The control system is
shown in functional block diagram form in
Figure 2. The output angular velocity of
the CVT is measured by an analog tachometer. The output of this tachometer is a
voltage proportional to the angular velocity output of the CVT. This signal is
compared to a DC voltage proportional to
the desired output angular velocity. The
difference in these two voltages is the
error signal which activates a small DC
servomotor. This servomotor drives a
screw which cont ils the gear ratio of the
CVT. For example if the error signal is
positive (the output velocity is less than
its desired value) the motor drives the
screw in such a way as to increase the

gear ratio. As the gear ratio increases,
the output velocity increases, the error
signal goes to zero, the motor stops and
the system operates at its desired output
speed.
In practice, of course, the input
velocity to the CVT will be constantly
changing; therefore, the output control
system will operate constantly to regulate
the output velocity. The control system
includes a variable gain and variable
dead zone. One objective of the experiments will be to determine if this control
system can maintain the output speed constant within acceptable tolerances (^.5%).
An analysis of the simplified system
indicates theoretically that this system
will perform as desired. The gear ratio
of the CVT is defined as
(1)

in
the error signal is
u

error

= K
t vWdesired "w out'

(2)

and the angular velocity of the motor is
w

motor

=

= K

mKt

terror

The gear ratio is

((i)

desired " %uz^
(3)

N = N(°) + V o V t ^desired " wout>d '
(4)

°

r

S =W t

w

("desired " out>

5

< >

where K = gain constant of the CVT
operation screw, unit changes
in gear ratio/radian of operating screw rotation
K_ = motor gain constant, radians/
™ volt
Kt = tachometer gain constant,
volt/radian
When Uout = w d e s l > e d , dN= 0_ IfU()ut <
desired ^ > 0 and if u) o u t > desired ^
< 0. Thus the gear ratio always changes
in such a way to reduce the error in angular velocity to zero. Since the system is
first order, no overshoots will exist.
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Of course in the real system unmodeled
dynamics will increase system order and
nonlinearities further complicate the problem; therefore, it may be necessary to
redesign the feedback control logic if
difficulties such as hunting oscillations
develop in actual operation.
Microswitches are mounted at either
end of the operating screw on the CVT so
that the system can be disconnected when
no further changes in gear ratio are possible.
The flywheel is driven by an AC induction motor. The speed of this motor is
controlled by a PARA-JUST controller. This
controller is a solid state device which
regulates the speed of an induction motor
by changing the frequency of the input
voltage to the motor. It maintains contact torque output from the motor up to
rated speed (power varies linearly with
speed). The PARA-JUST automatically
accelerates the motor following a ramp input ranging from 15 seconds to 150 seconds.
It can also be adjusted to follow any command input voltage and has been modified
for manual control. In simulating the
duty cycle a variable voltage will be input to the PARA-JUST which will then drive
the motor and the flywheel so as to approximate a typical input from an alternative
energy source as a wind energy generator.
ROTOR VIBRATIONS
A preliminary analysis of critical
speeds of the flywheel system mathematical
model indicates a fundamental natural frequency in the vicinity of 2400 rpm, midway
in the originally planned operating speed
range. The rationale in this analysis is
that the natural frequency of the rotorelastic support system is a valid indicator of critical speeds, as support asymmetries, damping and bearing tolerances
are small. The lowest critical speed condition is assumed governed by the rotor
and its flexible support; the critical
speed range is likely to be narrow, close
to that of the transverse natural frequency
of the assemblage.
Refinement of this analysis was conducted to include the effects of the inertia of the hubs supporting the rotor
through elastomeric disc-like pads sandwiched in the hub-flywheel interface.
The model used in that analysis
is shown in Figure 3.

commercially available cellulose materials
with energy storage costs competitive
j
with proposed rotors made from fiberglass
or Kevlar. Large multiton rotors can be
readily assembled now in commercial plants
from plywood or paperboard. Such rotors
show potential for stationary applications
where cost is the primary criteria. Plywood also appears to be a promising material from which to construct inexpensive
rotor hubs.

As the lowest natural frequency is associated with essentially a quasi-static
distortion mode, a distortion was used
derived from statics. An energy balance
then provided the prediction of critical
speed:
1
2k.
+ ke/k3

1

+

2 Q

(l

Data on the general trends affecting
the long term strength is available.
Experiments are in progress to measure
the actual performance of the materials
and assembled rotors under vacuum conditions. The practical details of assembly
and balancing are being studied. The factors of outgassing and sustained high
vacuum are major unknown factors.

1
ke/k3

k k
where k = .
e K1 +
The effects of elastomeric pad stiffness
in relationship to k , and hub-to-rotor
mass ratio m/M, can be demonstrated
graphically with the three-dimensional
manifold (see Figure 4 ) .

Analytic expressions for critical
speeds are being refined and verified
experimentally. Continuously variable
traction drives appear to be an efficient
means of transferring power to and from
the rotor. Control algorithms for the
operation of the flywheel system are being
developed and implemented.

This demonstrates the sensitivity
of the lowest critical speed to hub
inertia and pad stiffness. For large pad
stiffness (K /K = 0) and sma 1 ! hub mass
(jjj- = 0) the
critical speed is governed by the shaft and bearing supporting
the flywheel inertia. As these ratios
increase from zero, a pronounced reduction in critical speed occurs, and hence
low ratios are desired if critical speed
maximization is desired.
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In the prototype system,
K e /K 3 = .18. Hence, un/|2ke/M
The subsequen' design trade-offs are
associated with the selection of a pad
elastomer with inherent complex damping
modulus sufficient to attenuate critical
speeds, while simultaneously lowering
these speeds due to the attendant elastic
modulus of the pads. Similarly, the hub
inertia needed to provide a sufficiently
stiff hub to load the elastomer in a controlled manner also reduces the critical
speed. Refinement of the design must
heed these tradeoffs; it is likely that
the critical tradeoff will involve the
pad damping — pad stiffness effect if
other sources of damping in the system
are minimal.
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A CONCEPT FOR SUPPRESSION OF NONSYNCHRONOUS WHIRL IN FLEXIBLE FLYWHEELS

Dr. John M. Vance
Mechanical Engineering Department
Texas A&M University
College Station, Texas 77843

ABSTRACT
An energy-storage flywheel sized for home or farm use is being developed at Texas
A&M University. A unique feature of this "flexible flywheel" is its construction from
flexible fibers (such as synthetic rope) with no bonding agent. The potential advantages
are low cost, self balancing, and increased safety in operation. The one current disadvantage, a whirling instability, is the major subject of the present contract. A
ciesigp concept to suppress the instability is now being analyzed and is described herein.
be a problem.

INTRODUCTION
In 1975, Dr. R. T. Schneider at the
University of Florida conceived the idea
of a flexible flywheel made of rope for
energy storage. The idea was to develop
a cheap, small scale, energy storage device to make solar or wind-powered generators practical for home or farm use.
Beginning in 1976, a flywheel test
facility was developed and the first rope
flywheels were spun up. It soon became
evident that one of the advantages of the
flexible flywheel, its self-balancing feature, had been bought at the price of a
subsynchronous dynamic instability caused
by internal friction, since the whirl critical speed is well below operating speed.

Fig. 1
After it became evident that the major (and apparently the only) technical
problem of the flexible flywheel is one of
rotor dynamics, the author of this paper
joined work on the project. The project
was subsequently moved to Texas A&M University when the author moved there. It
is less than two months since funding began, at the writing of this paper.

Flexible Flywheel

The advantages claimed for this configuration are:
1. High strength fibers in pure tension with no bonding material to
create mismatch in elasticity or
strength.
2. Self balancing-highly flexible
rotor operates at supercritical
speeds.
3. Simple construction should be
cheap to manufacture.
4. Gradual failure mode, with early
warning by whiplash or hoop
growth.
5. Less destructive failure mode.
These advantages mean that the flexible
flywheel should be safer and less costly
than conventional solid flywheels.

ADVANTAGES OF THE FLEXIBLE FLYWHEEL
Figure 1 shows a photograph of the
flexible flywheel. Notice that the support
ropes carry only the weight of the flywheel. Radial stiffness is provided by
gravity only, as in a pendulum. The question of torque capacity and acceleration
has been investigated and appears not to
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FLEXIBLE FLYWHEEL DESIGN EQUATIONS AND
CONSTRAINTS
Analysis has shown that to optimize
energy density, a flywheel should be constructed of high strength materials to
operate at high speeds. The maximum storage energy in a hoop flywheel is
E = TTRP

ft-lb

E = (.3768)(10

(1)
)nRP KW-hrs.

where R = hoop mean radius, ft.
P = cumulative strength of all
hoop fibers, lb.

The mass density does, however, affect
the speed at which the maximum energy is
stored.- This speed is given by

(2)

It was recognized early that the significant technical problems associated
with the flexible flywheel would be in
the area of rotor dynamics, specifically
the problem of subsynchronous whirling
due to internal friction. The advantage
of self-balanced operation at high supercritical speeds must be purchased with
the price of suppressing or avoiding a
self-excited dynamic instability. This
is a challenge with a high payoff for
success and one which the author believes
can be met.
Ever since Jeffcott's analysis of
synchronous rotor whirl in 1919, rotor
dynamicists have known that a flexible
rotor displays a "critical speed inversion," in which the center of mass comes
inside the whirling rotor center at
supercritical speeds.

where w = hoop specific weight, lb/ft
g = 32.2 ft/sec2
Although there are many advantages to
using super-strong fibers to take advantage of equation (1), the resulting high
rotational speeds (most high-strength fibers are not heavy) pose rotor dynamics
and bearing problems which must be properly appreciated in the preliminary design
phases of any modern flywheel. For example, contemporary electrical motors and
generators are designed to operate well
below the speeds dictated by equation (2)
for a Kevlar R wheel.

The flexible flywheel, by virtue of
its low stiffness rotor, always operates
at speeds which are highly supercritical,
where Jeffcott showed that synchronous
whirl (due to unbalance) amplitudes are
minimized. Experiments to date have
verified that the flexible flywheel produces extremely low levels of synchronous
vibration, with no precision balancing
required.

There are also practical constraints
on the dimensions of a flywheel to be used
in the home or on a small farm. Figure 2
gives dimension limits for a fiber hoop
flywheel.

Fig. 2.

For successful energy storage, the
most important parameter is the cost. However, before the low cost advantages of
a flexible flywheel can be realized, the
technical problem of rotor dynamic stability must be successfully dealt with.
ROTOR DYNAMICS

Notice that the material mass density
does not appear in the equation. Materials with high mass density (heavy materials) do not optimize energy density,
which is contrary to popular intuition.

rpm

Applying the above equations and constraints to the design of a flexible flywheel allows the calculation of hoop
sizes, weights and costs for various
choices of material. Results for Dacron R,
steel, and KevlarR are shown in Table 1.

Not long after Jeffcott's results
became widely known and applied, it was
learned that rotating machinery can become dynamically unstable in subsynchronous whirl at supercritical speeds, if the
ratio of internal friction (in rotating
parts) to external damping is high enough.
Early tests of the flexible flywheel
showed subsynchronous whirling which tended to grow with speed and/or time. Figure
3 illustrates the mechanism of the internal friction excitation. For subsynchron-

Dimension Constraints
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ous whirl, the spin speed ft is faster
than the whirl speed $. As support rope
3 moves around to position 1, its rate of
strain is a maximum at position 2, thus
generating the friction force F on the
hoop which is tangential to the whirl
orbit in the forward direction.

A DESIGN CONCEPT
Figure 4 shows how the motor/generator can be gimballed on nonintersectlng
axes to provide the low support stiffness,
stiffness asymmetry, and bearing support
mass (the motor itself), which are the
parameters important to whirl stability.
Since the motor/generator will be put
inside the vacuum chamber, a cooling system is required. The coolant can serve
double duty as the bearing lubricant. The
motor bearings will be designed to support
the flywheel, thus minimizing the number
of bearings and eliminating the necessity
for a clutch.

Fig.

Work is now in progress to verify
this concept, both experimentally and
analytically.

Instantaneous Configuration of
Rope Ring

A table-top-sized model is being constructed for preliminary evaluation of
whirl stability characteristics. The
distance from the y axis down to the motor
center of mass is being made adjustable,
so as to be able to vary the stiffness
asymmetry.

Rotor dynamics theory and analysis
has identified several ways of suppressing
self-excited subsynchronous whirl. They
are:
1. Flexible bearing supports.
2. Asymmetric bearing support stiffness.
3. Bearing support damping.
4. Bearing support mass (dynamic
absorber effect).

A mathematical model with four degrees of freedom is being analyzed to predict the whirl stability characteristics.
The characteristic equation (eighth order)
will be checked for conditions which
guarantee all real parts of the roots to •
be negative.

Before considering how to apply these
methods to a flexible flywheel., it is useful to also look at the other "system"
design considerations.
FLEXIBLE FLYWHEEL DESIGN CONSIDERATIONS
1.
2.
3.

4.

5.

A shaft seal through the vacuum
chamber wall is expensive.
A disconnect clutch also increases
the total system cost.
A new motor/generator must be
developed to match flywheel
torque-speed characteristics.
- Low friction bearings must be
designed for the application, to
operate in a vacuum environment.
The total number of bearings
should be minimized, for lowest
cost.

When these design considerations are
coupled with the design requirements to
suppress the subsynchronous_whirl, a design
philosophy for the flexible flywheel emerges. The basic elements of this philosophy are shown in Table 2.
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It is hoped that this two-pronged
approach will yield a stable design without resort to a damping mechanism, which
Is often difficult to keep in proper
adjustment over a long period of time.
Once a stable design has been achieved, the existing larger-scale prototype
will be redesigned correspondingly to
demonstrate the potential of home or farm
energy storage using a flexible flywheel.

Fig. 4.

Flexible Flywheel on
Gimballed Support

Table 1.

MATERIAL

Parametric Values for a 10 kw-hr Flexible Flywheel
(Safety Factor = 2)

HOOP WEIGHT
lbs.

Dacron
(1/4")

Steel
(1/2" IWRC)

Kevlar
(1500 Den.-"29")

Table 2.

MAX. RPM

LENGTH L
ft.

MAT'L COST
$

1.74

2654

1298

5,167

2123

4,039

.642

1938

162

14,606

.287

1380

Flexible Flywheel Design Philosophy

Solution or Conclusion

Design Factors or Contraints
*Shaft seal is expensive

Put motor inside vacuum chamber
*New motor/generator required

*Clutch increases cost
Support flywheel directly from
motor shaft

*New bearings required
*Minimize no. of bearings

*Need low support stiffness
Gimbal motor/generator on
nonintersecting axis

*Need asymmetric support stiffness
*Need support damping and mass
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CONCEPTUAL DESIGN OF A FLYWHEZL ENERGY STORAGE SYSTEM
Francis C. Younger
William M. Brobeck & Associates
1235 Tenth Street
Berkeley, California 94710

ABSTRACT
A conceptual design of a flywheel energy storage system suitable for on-site interfacing with small scale solar energy sources is being developed. The basic design objective is to provide a generous margin of safety and above average reliability and
efficiency at the lowest practical cost. This paper describes the basic design concept
and the general approach to the conceptual design of the energy storage system. The
basic concept to interface with solar energy sources utilizes a constant voltage motor/
generator directly coupled toa +flywheel rotor. The voltage level of the motor is
maintained at the optimum opera ing voltage of the array of photovoltaic cells. Power
is drawn from the flywheel-driven generator when the voltage output of the array drops
below its optimum value and power is delivered to the flywheel via the generator (then
operating as a motor) when the voltage rises above the optimum value. A variety of motor
types and flywheel rotor types has been studied to arrive at a conceptual design to meet
the program objectives. A fiber-composite rotor driving a separately-excited dc motor
appears to satisfy the basic requirements. To obtain acceptable efficiency and low rundown losses, the flywheel operates in a vacuum and has a combination of magnetic thrust
support and ball bearings to reduce bearing friction in an economical fashion.
INTRODUCTION
The Flywheel Energy Storage System
(FESS) is intended to enhance the value
and utility of small solar power generating
plants. The timely development of economical energy storage concepts is crucial in
many solar power applications. The variable
nature of sole • energy severely limits its
applications if some practical storage
system is not made available. Batteries,
pumped-hydro, compressed air, thermal and
mechanical energy storage all offer the
potential for suitable systems applications. Economic factors may favor one
system in a particular application and yet
another in a different application. Thus,
it is critical to subject all such systems
to careful examination of performance and
cost characteristics. However, at present
such an examination is difficult because
an adequate basis for cost and performance
analyses does not exist for emerging
technologies. New designs with generous
margins of safety have not yet been demonstrated for mechanical energy storage systems.
A concept selection and design program
which could lead toward a practical demonstration is presented.

This paper describes an effort for
the development of a conceptual design for
a FESS suitable for on-site interfacing
with small scale solar energy sources. The
new design will have as objectives a generous margin of safety, high reliability
and efficiency obtained at the lowest
practical cost. The design will be for a
stationary application, in which no cost
premiums are jllowed for minimizing size
and weight. The basic design objective
is a system which can be economically
manufactured in existing industrial facilities using conventional production methods
Commercially available components will be
used to the maximum practical extent.
Attainment of the highest practical
charge/discharge efficiency will be a goal
of the highe-st level priority. This requires very careful attention to a myriad
of design details, as well as the selectior
of the most appropriate engineering concepi
BACKGROUND
The flywheel energy storage system foi
use with a small solar energy source must
satisfy several specific requirements in
addition to being economically attractive.
The program objective is the design of

storage units suitable for use with small
to intermediate scale solar sources. The
nominal energy storage capacity is in the
range of 5 kWh to 100 kWh; the specific
requirements are for the detailed design
of a 10 kWh storage system and for a detailed cost estimate for a 50 kWh system.
The required power rating of the 10 kWh
system is 5 kW. These units are to have an
electrical interface for 60 Hz/220 Volts
single-phase power. The control system
must maintain the desired frequency and
voltage over the full rotor operating speed
range.
The round-trip efficiency for charging
and discharging must exceed 70%. This
requires that the one-way efficiency exceed
84%. The rate of loss of stored energy due
to friction and windage must not exceed
5% per hour.
The design must have a generous factor
of safety and high reliability. It must be
designed for a life expectancy of at least
twenty years during which a minimum of 10,000
charge/discharge cycles may be encountered.
These cycles cover the full speed range of
the design. Allowance may have to be made
for any overspeed tests which might occasionally be performed.
PROJECT DESCRIPTION
The project is divided into four main
tasks covering (1) the basic system concept;
(2) optimization; (3) design of a 10 kWh
unit; and (4) estimate for a 50 kWh unit.
The basic system concept effort and
subsystem options consist of an evaluation
of workable engineering concepts and the
narrowing down of choices to the best subsystem options. The product of this work
will be a documentation of the comparative
analyses and the selection process. This
is being done in the context of a provisional layout of the total system. Subsystem options include flywheel configuration, materials, flywheel housing and
containment, seals, type of motor/generator,
suspension system, mounting, controls,
auxiliaries, and instrumentation. Problems
of safety, efficiency, losses and parasitic
loads, manufacturability, maintenance, and
economics are being identified and solved.

strength-to-we^ght ratio. In many engineering applications light weight is very
important and a premium may be paid for a
material with a high strength-to-weight
ratio. However, for a utility application,
additional expense merely to save weight
would be unreasonable. The appropriate
design criterion is maximum energy at
minimum cost. Fiber-composite using E-glass
appears to satisfy this criterion.
CONCEPTUAL DESIGN
The candidate flywheel energy storage
system is shown in Fig. 1. It consists
of a filament-wound fiber-composite flywheel directly connected to a drive motor
which acts as a generator during discharge
of the system. The flywheel is contained
in an evacuated enclosure to keep the aerodynamic drag low. The enclosure also provides
a means of support and containment for
fracture debris in case of failure.
The flywheel (Ref. 1) shown represents
a fiber composite concept which has been greatly
de-rated to achieve a high factor of safety.
The energy density and resulting stresses
are but a fraction of that which m.ght be
obtained at some future time when fibercomposite flywheels are more fully developed.
The vacuum requirements are being set
by trade-off studies where the benefits
associated with low aerodynamic drag are
evaluated relative to the added cost,
complexities and power consumption of the
vacuum pump. These studies show that a hard
vacuum is not required. A vacuum of 10"'*
Torr is quite adequate.
The drive motor acts to accelerate the
flywheel during charging and acts as a
generator to decelerate the flywheel during
discharge. A variety of options for
controlling the power flow to and from a
motor are available. These must take into
account the fluctuating nature of the load,
the output characteristics of the solar
generator, and the speed variations of the
flywheel.
The selection of a motor type is
dependent upon the power control method to
a large extent but is also dependent upon
other factors such as the operating speed
range, voltage range, and operating environment.

Various flywheel configurations and
material combinations have been considered
for energy storage systems. It has been
For the conceptual design shown in
shown that high energy density is potentially Fig. 1, a range of sizes and speeds is
achievable with materials possessing a high
required to satisfy the range of energy
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storage desired. Table 1 shows the sizes
and ratings for the various components of a
candidate design for a 10 kWh demonstration
model and for a 50 kWh unit.
MATERIAL PERFORMANCE, COST ANALYSIS AND
OPTIMIZATION
For a given configuration, the energy
density in Wh/kg is proportional to the
strength-to-weight ratio of the rotor
material; thus, the energy storage per
dollar of material is directly proportional
to the strength-to-weight ratio divided by
the cost per pound. The cost of the vacuum
enclosure is dependent upon the size of the
rotor which, fora given energy storage and
configuration, is dependent upon the absolute
strength of the rotor material. The size
of the rotor rather than its weight is a
primary factor influencing the fabrication
cost. The heavier material, in addition
to permitting the use of a small flywheel
for a given energy, may also allow a lower
rotational speed which, in turn, may yield
lower friction and windage losses. The
overall effect of rotor material properties
and cost upon tne complete system cost are
being examined for a complete system design
in which the cost of the enclosure, bearings,
and motor are included. These costs depend
to a considerable extent upon the properties
o'- the rotor, principally rotor shape and
material.
Of prime importance in the selection
of flywheel materials is high strength
because the energy which can be stored per
unit of volume is directly proportional to
the allowable stress. A survey of flywheel
projects in progress shows that there have
beon no complete life cycle tests and evaluation of high-strength high-energy density
flywheels to date.
Several types of flywheels using different types of materials are being examined
including concepts based on isotropic
materials (metals) and orthotropic materials
(fiber-composites). Analysis of performance and total costs and projections of
reliability and safety to personnel are
being considered. At this time, it appears
that a fiber-composite flywheel is the best
choice.
Table 2 shows the properties of several
candidate fiber composite materials, of
these, the E-glass is the least expensive.
Although it has the lowest strength, the
ratio of strength to cost makes it the most
attractive candidate. Fatigue test on
214-

E-glass shows a significant loss in strength
due to static fatigue. Much of this loss
is believed to result from the chemical
action of moisture in the air which may
be prevented by exclusion of moisture or
by operating in a vacuum. Long-term spin
testing in a vacuum is one way to determine
the static fatigue limit for E-glass. Until
such testing is completed, the only safe
approach is to allow an adequate reduction
in the design stress.
The Kevlar 49 compusite materials have
a higher specific strength than the fiberglass materials and do show less sensitivity to static fatigue; however, these
composite materials are much more expensive.
In spite of the higher cost of Kevlar 49
a limited use of such a material may provide significant design advantages. The
high modulus of elasticity and low density
of Kevlar 49 makes it an ideal candidate
material for use as an overwrap to reduce
the radial tensile stress in a thick-walled
ring by creating a radial compression at
the interface.
A biannualte rim, shown in Fig. 2,
consisting of an inner ring of E-glass/
epoxy with an overwrapped outer ring of
Kevlar 49 can permit a considerable increase in radial thickness for the complete
rim without giving excessive radial tensile
stress. This large radial thickness also
gives good space utilization. The ratio
of Kevlar to fiberglass in the biannulate
rim will be determined by design studies.
Increasing the amount of Kevlar may increase
the cost faster than it increases the energy
storage. It appears from preliminary calculations that only a small amount of
Kevlar is required to give an optimum
design.
Increasing the amount of Kevlar in the
rim at the expense of the fiberglass has
certain disadvantages. In the limit of an
all-Kevlar rim, the maximum radial thickness must be quite small to prevent excessive
radial tension. The utilization of space
would then be poor. For a given energy,
the flywheel would be much larger and would
have a higher rim speed. Consequently,
the aerodynamic drag would be higher and
the vacuum enclosure larger. The Kevlar
is a more expensive fiber and the larger
enclosure for a Kevlar flywheel would also
be more expensive.

The design of the system should be such
that in the event of flywheel failure only
a small fraction of the system momentum
and energy must be rapidly dissipated.
The larger remaining fraction can be
dissipated very gradually.

FLYWHEEL HOUSING AND CONTAINMENT
This component serves a number of important functions:
• An evacuated enclosure to reduce
windage losses.
• An encasement to prevent corrosion
and mechanical damage to the
flywheel.
• A structural member to transmit
loads.
A structure for mounting the
bearings and seals.
• A means of containment in the
event of failure of the wheel
or bearings.*
For a demonstration unit, the housing
could be a steel or aluminum alloy weldment. The housing for a production version
"baseline" flywheel module is expected to
be a casting. A steel casting will be a
prime candidate. Another housing candidate,
which will be considered in view of its
potential for low costs, is a fiberglass
composite material.
The highest loads which must be transmitted through the housing are those
associated with a flywheel failure of some
type. High torques and high internal
radial loads are expected if failure occurs.
The flywheel energy storage system
has a large energy and momentum storage.
A sudden and uncontrolled release of this
energy and momentum would have serious
consequences, unless, by careful design,
this energy can be released as heat. The
reduction in angular momentum will produce
a torque proportional to the rate of change
in angular momentum.
For a flywheel with adequate inertia to
store 10 kWh of energy, the torque required
to remove all of its angular momentum in one
second would be in excess of 68,000 lb-ft.
This is an enormous amount of torque and
quite likely is greater than the flywheel
mounting structure could support. It
seems clear that efforts to limit the rate
of change of momentum are required.
*Placing the FESS in an underground concrete-lined pit may provide the most costeffective containment means.
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Two controlled braking methods are
being considered. One will provide a
controlled deceleration of fracture debris
rrom the failure of the flywheel rim and
the other will simultaneously provide a
very much slower deceleration of the flywheel hub. The first of these braking
systems consists of a containment ring
surrounding the flywheel rim. This ring
is permitted to rotate within the vacuum
chamber with substantial frictional resistance to its rotation being used to
provide braking. Fracture debris from a
rim failure would impinge upon this containment ring which would be strong enough
to hold the failed fragments and keep them
rotating around on its inner surface. The
fracture debris and the containment ring
may both be rotating within the vacuum
chamber until the friction eventually
brings them to e. stop.
The second mode for stopping the hub
provides aerodynamic braking by permitting
the pressure in the vacuum chamber to rise.
This braking is very gradual and will not
result in excessive torque or excessive
temperature rise.
The containment ring must be strong
enough to resist the initial impact of the
fracture debris and the continued centrifugal
force of the rotating debris as its speed
gradually reduces. Analysis shows that
the required strength is related to the
kinetic energy of the fracture debris.
The relationship for the ratio of energy
containment to weight of containment ring
is the same as that for a rotating ring.
That is:

£ _5-

where E
W
a
w

=
=
=
=

W " 2w
contained energy
weight of containment ring
allowable stress in the ring
density of containment ring

The importance of the strength-toweight ratio of the containment ring is
shown in this equation. It seems clear
that a high strength-to-weight ratio
of the material may be just as important
here as it is in the flywheel itself. A

high strength-to-weight ratio fiber-composite could be used for the containment
ring. A composite of E-glass may be more
economical than high strength steel for
this application.

It is desirable to keep the pressure below
10"° atmosphere where loss is around 30
watts. If the pressure is allowed to rise
to 10-4 atm. the loss become excessive.
To maintain a pressure below 10"° atm.
will require a mechanical pump.

ENERGY LOSSES
Table 3 lists the categories of losses
and parasitic loads of an electricallycoupled flywheel energy storage system.
Table 3. System Losses and Parasitic
Loads.
Flywheel Unit Losses:
Flywheel Bearing Losses
Flywheel Windage
Vacuum Seal Friction
Vacuum Pump Power
Motor Windage
Motor Bearing Loss
Motor Brush Friction*
Motor Excitation
Motor Iron Loss
Motor Armature Copper Loss
Lubrication Pumping Power

Vacuum seal friction is due to the
rubbing contact between the fixed and
rotating faces of the seal. This loss will
vary from 50 watts to 100 watts over the
speed range. The bearing lubricating oil
will also lubricate and cool the seal. The
seal will be designed to balance most of the
atmospheric load so as to limit the rubbing
force to a low value.
MOTOR SELECTION STUDY
A successful motor application depends
primarily on selecting a motor that satisfies,
as nearly as possible, the kinetic requirements of the driven machine without exceeding
the temperature or torque limitations of
the motor. The first step in motor selection
is to determine the load characteristicspower, torque, speed, and duty cycle.
In this application the motor drives
the flywheel shaft to accelerate during
the charging time and acts as a generator
during discharging time. The motor must
provide good efficiency in both modes of
operation. The most widely used motor
system which provides good efficiency as
a motor and as a generator is a dc motor.
However, ac motors can also be used as ac
generators but the electrical control
equipment is costly and will complicate
the system. An economic study is being
considered to test the feasibility of
both systems.

Power Conversion Losses:
Semi-Conductor Losses
Other Component Losses
Control Power
Auxiliary Conversion Losses
*If brushes are used.
Flywheel Unit Mechanical Losses. The
friction of the flywheel ball bearings is
being estimated from the bearing manufacturer's test data and from tests of flywheels of comparable design.

The schematic diagram (Fig. 3) illustrates the different modes of operation.

For the flywheel candidate design,
the ball bearing loss will be 80 to 120
watts for the 10 kWh unit at 10,000 rpm.
Windage loss of the flywheel proper
depends, for a given geometry and speed,
on the pressure and composition of the gas
in which the flywheel runs. The dependence
of windage loss upon pressure and flow regime
has been calculated and used to estimate
the aerodynamic drag on the flywheel.
In the pressure range in which the
flywheel operates, the mean free path of
the molecules of gas is long compared to
the wheel clearance in its housing, and
the windage loss is proportional to pressure.
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The functional schematic diagram
shown represents the block diagram of the
FESS. The different blocks shown in the
diagram are as follows:
i) Flywheel; which is mechanically
connected to a motor system.
ii) Solar input; which has an
output of 250 Vdc ±50V.
iii) Power flow controller; which
controls the power flow in
and out of the motor system
and to the load.

iv) Power conditioner; which
inverts the power from dc
or ac with any frequency to
exactly 60 Hz/220V single
phase ac.

Losses calculated for motors have been
divided into load-dependent and loadindependent losses. The latter determine
the standby power required by the flywheel
and is considered separately from the load
dependent losses. The eddy current and
hysteresis losses are dependent upon field
excitation of wound-field machines. We
have assumed that the field current will
be turned-off during standby to reduce
run-down losses, similar to the design of
Refs. 2 and 3.

v) Load; which can take power at
60 H2/220V single phase.
There are four modes of operation:
1. Only the solar source is
feeding the load.

CONTROL OF POWER FLOW
2. The solar source and the
flywheel both are feeding
the load.

Generally, if the solar power generation exceeds the load power requirement,
the excess power will be diverted to the
flywheel; and if the solar power generation
is less than the load requirement, the
deficiency will be made up from the flywheel .

3. The solar source is feeding
the load and charging the
flywheel.
4. Only the flywheel is feeding the
load.
Note that in Modes 2 and 4, where the
flywheel is discharging and feeding the
load, the motor is acting as a generator.
The motor has a dual function, i.e.,
it acts as a motor when it is charging
the flywheel and it acts as a generator
when feeding the load during discharging.
Separately-excited dc motors are easily
switched from the motor configuration to
the generator configuration and can handle
the speed range for this application. An
ac type motor can also be used. However,
since the electrical frequency will vary
as the speed of the flywheel changes, there
will be a need for electrical power and
frequency control devices to convert the
high and variable frequency of flywheel
source to the low frequency of the load.

Generation of solar power is due to
the photovoltaic effort (PVE) which occurs
in semiconductors. Charge separation
in the photovoltaic cell will cause an
electrostatic potential difference across
its P-N junction, and by placing cells
in parallel or series, we can obtain the
required voltage or current for a specific
load. Four parameters are of interest in
analyzing the performance of a photovoltaic cell. They are the short circuit
current (I,-); the open circuit voltage
(V ); the current for matched load, i.e.,
current under maximum power transfer
(operating point) conditions (I mD ) and
the corresponding voltage (V _ ) .

Figure 4 shows typical currentvoltage characteristics of a P-N junction
solar cell array under a given amount of
sunlight. Since the maximum power output
occurs
when theeracurrent and voltage is at
^ D and ^nro'
°P ting at this point makes
A brush!ess dc motor is very attractive because lower losses and higher
available pthe maximum .power. The control
reliability are expected.
system should, to the extent possible, keep
the solar output voltage at V . If the
load demand exceeds the solar poutput
There are several ways to reduce power
losses in the motor. One is to reduce losses either because there is inadequate sunlight
or because there may be a high load condiin the core, either by adding more material
tion, then the voltage would start to drop
to the magnetic core structure or by using
below V m p. To prevent this voltage drop
a steel with improved core-loss properties
additional power must be supplied by the
and thinner lamination. Another method is
flywheel energy storage unit. On the
to increase the cross-sectional area of
other hand, if the load demand is lower
conductors to reduce resistance. Another
than the solar output, then the voltage
alternative is to shorten the air gap
would rise above V p . To prevent this
to reduce the magnetizing current required.
voltage rise the excess power must be
used to recharge the flywheel. As examples,
consider the case where the sunlight is such
217

that the maximum output is 3kW and V is
200 Vdc. If the load demand is 8 kW^the
control system would bring the flywheel
output to 5 kW to keep the solar output
voltage at V . If the load demand is 1 kW,
the control psystem would divert 2 kW to
recharge the flywheel to keep the solar
output voltage at V .
During normal operation the sunlight
fluctuates going to zero at night, also
the load fluctuates making abrupt changes
as electrical equipment is turned on and
off. As these fluctuations in output and
demand occur, the control system senses
the changes in voltage and regulates the
motor output or input to discharge or
recharge the flywheel unit and maintains
the voltage. In the design example with
a separately-excited dc motor, the field
excitation would be raised or lowered by
the control system in order to keep the
desired voltage. The usual dynamic problems of feedback control systems will be
solved in the conventional way.

SUSPENSION SYSTEM
The suspension systems being considered
provide sufficient flexibility to permit
the flywheel to rotate about its own mass
center. The total deflection needed to
satisfy this requirement can be quite
small and is dependent upon the unbalance
of the flywheel. The mode of operation
which permits this deflection of the mass
center involves rotational speeds greatly
in excess of the first critical speed.
Operation at such speeds would be unstable
if special precautions to insure stability
are not taken. Means of preventing whirl
instability are known and will be incorporated into the suspension system (Ref. 4 ) .

A variety of suspension systems are
possible. It is difficult to prove that
one system has an overwhelming advantage over
all others. Our experience (Refs, 5 & 6) with a
pendulous mounting shows that this system
is acceptable when precision ball bearings
are used. A stradle mounted system may be
preferable where magnetic bearings are used.

For other types of motors, the control
problems are similar. The control system
will regulate the motor output or input
power of the flywheel unit to keep the
voltage output of the solar array at V .
If the flywheel is completely charged
or if it is discharged, then the control
system will not be able to regulate the
voltage. In this case, the voltage must
be allowed to rise or fall. If the FESS
is too small, excess power from the solar
unit will be lost after the FESS is fully
charged.
The state of charge/or discharge of
the flywheel is simply determined by its
speed. When the flywheel is being charged
from the excess power of the solar unit, an
overspeed sensor can be used to shut off
the flow of charging power. Similarly,
when the flywheel is being discharged, the
under speed sensor (or inadequate voltage)
can be used to shut off the output power of
the motor. However, the normal operation
should be such that the flywheel is discharged only to its minimum rated speed,
where the motor can no longer generate
the required output voltage at maximum
field excitation.
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The analysis of run down losses indicates that some magnetic support to reduce
bearing loads is required. Thus, a
suspension system using a combination of
magnetic and ball bearings will be designed.
Such a system will have magnetic support
above the flywheel which will be rotated
about a vertical axis. The magnetic
support will be passive. The electrical
power requirements for such a bearing
appear, from preliminary calculations, to
be very small. Of course, the power must
be smaller than the frictional loss of
conventional bearings in order to justify
the use of the magnetic support.
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Figure 1 .

Candidate Flywheel Energy Storage Unit
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Figure 2.

Candidate Fiber-Composite Flywheel Rotor
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Figure 3. Functional Schematic Diagram

Figure 4. V-I Characteristic of Photovoltaic Device
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Table 1. Characteristics of a Candidate Flywheel Energy
Storage System.
10 kWh
Demonstration
Unit
Energy, kWha

10

50

5

10

Power, kW

10,000

Speed, rpm

50 kWh
Unit

5,850

Flywheel Diameter, in

50

8505.

Flywheel Height, in

13

22.2

613

3,065

Flywheel Weight, lbs
Motor Type

dc separately
excited

Converter

dc to ac
inverter

Efficiency - round-trip
Run Down Losses
Output

dc separately
excited
dc to ac
inverter

71%

72%

4«/hr

4%/hr

60 Hz/220 V

60 Hz/220 V

Nominal Energy Rating
ac to dc rectifier may also be needed if utility power is
used for recharge
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Table 2.

Fiber Composite Properties

Fiber:
Vol% Fiber:
Density:

E-Glass (Owen-Corning)
Nominally 65 vol%
2.1 gm/cm3

S2-G1ass (Owens-Corning)
Nominally 60 vol%
2.08

Kevlar 49 1420 denier
Nominally 60 vol%
1 .38

Mechanical Properties
Elastic Constants:
Longitudinal Young's Modulus, E-|i
Transverse Young's Modulus, E22
Shear Modulus, G]2
Major Poisson's Ratio, u-j2
Minor Poisson's Ratio, U21
ro
to
ui

52.15
14.03
6.3
0.207
0.056

t
t
t
t
i

0.89 GPa
0;61 GPa
0.5 GPa
0.016
0.011

U l t i mates:
Longitudinal Strength
Longitudinal Ultimate Strain
Transverse Strength
Transverse Ultimate Strain

Tension
1108
t
25 MPa
(2.16 t 0.11%)
7.5
t 1.1 MPa
0.054 t 0.009%

Longitudinal Strength
Longitudinal Ultimate Strain
Transverse Strength
Transverse Ultimate Strain
Shear Stress at 0.2% offset
Shear Strain at 0.2% offset

Compression
530
t l l O MPa
(1.11 :t 0.27%)
(78
t 4 MPa)
(0.68 :t 0.10%)
22.4
:t 1.7 MPa
0.546 :t 0.045%

Matrix:
Cure:
Cure:

56.2
15.7
7.41
0.282
0.079

±2.7
GPa
± 1.0
GPa
± 0.56 GPa
± 0.031
± 0.014

81.8
5.10
1.82
0.310
0.0193

±
±
±
±
±

1.5
GPa
0.10 GPa
0.09 GPa
0.035
0.0014

Tension
± 127
~2
41.0
± 6.3
0.292 ± 0.064

Tension
1850
±50MPa
2.23
± 0.06%
7.9
± 1.1 MPa
0.161 ± 0.023%

Compression
460
± 60 MPa
0.92 ± 0.06%
111.8
± 2.2 MPa
2.93 ± 0.32%
30.4
± 0.98
0.620 ± 0.041

Compression
(235
± 3 MPa
(0.48
± 0.3%)
(53
± 3 MPa)
(1.41
± 0.12%)
24.4
±-2.4 MPa
1.55
± 0.16%
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100 parts Dow Chemical DER 332 (bisphenol-A epoxy r e s i n ) , 45 parts Jefferson Chemical Jeffamine T403
(polyether triamine)
16 h @ 60°C (E-Glass & S2-Glass)
One day at room temperature and 16 h at 85°C (Kevlar)

Reference:

L. L. Clements and R. L. Moore, Lawrence Livennore Laboratory, Report UCRL-79262 (1977.
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ABSTRACT
This paper examines a flywheel system that stores energy from a wind turbine source
and converts the energy to 60-Hz, 220-v output for residential use. The typical residence
has a 1500-sq ft floor area with a maximum power level of 5 kw.
The purpose of this study is to determine the cost/benefits of storing wind energy
in a flywheel and using it on a demand basis. The study examines the systems and the
flywheel rotor materials that offer the greatest promise for reducing the initial cost.
The paper presents the progress to date on th i s program and 'Jescr i bes the work
planned to complete the study.

INTRODUCTION
The vertical wind or Darrieus turbine
converts wind energy to mechanical energy.
The mechanical energy is stored in a flywheel for use as electrical power in a
1500-sq ft house. Calculations have shown
that the typical residential demand in an
area such as Albuquerque, New Mexico, is
2.4 kw, and that the demand slowly undulates as a function of time. The first
step in applying the stored energy is to
change it to electrical power and use it
on a demand basis in the home.
Tests conducted on the wind turbine
have shown that the wind energy is intermittent and that the available energy can
be much greater than demanded by residential electric use. One solution is to
store this pulse of energy in a flywheel
that has been sized to accept the available wind energy, and to use it to supplement the utility power. These sizing
studies will be conducted to determine
the system effectiveness.
PROJECT GOALS
The project goal is to identify a
cost-effective meciianical storage device.
In addition, the device must be safe and
reliable for 20 years. The study constraints include a 5-kw output generator
and a 10-kwhr flywheel system. The
mechanical storage system is to use
current technology rather than future

technology. The method of manufacturing is
to be conventional processing. The study
is expected to stimulate industry to produce and market a mechanical energy storage
system that will produce a significant
reduction in the use of utility power. The
energy storage system will also have an
acquistion cost that produces a net savings
in life-cycle costs.
BACKGROUND
In 1925, G.J. Darrieus, 1 ' 2 of Paris,
France, applied for a U.S. patent for a
new type of windmill to generate power.
The vertical axis turbine shown in Fig. 1
has several blades of symmetric airfoil in
cross section, and is curved in the shape
that a flexible cable of uniform density
and cross section would assume if spun
about a vertical axis. The blade shape
has been designated troposkien. The advantages of the Darrieus turbine over a conventional propeller type wind turbine are
its ability to accept wind from any direction, its lower and simpler construction
costs (since its qenerator is located on
the around), and the resulting lower
maintenance.
Several tests have been run in which the
meteorological data were collected at various test sites and used to calculate both
supply (wind velocity) and demand (solar
insulation, air temperature, and wind
velocity). These data are illustrated in
Fig. 2 for the Blue Hill test site in

Massachusetts.
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kevlar. These devices have been constructed for applications such as subway rail
vehicles or passenger vehicles. These data
will be used in the study.
PROGRAM PLAN

AIRFOIL SECTION

The program is divided into four functional tasks plus a documentation task.
These are shown in Table 1.
The first task is to select the basic
system and to establish the component trade
options. The second task will evaluate
performance, cost, and reliability. This
will be done by evaluating selected components in the baseline system, using a
computer study. The test data collected at
Bh.e Hi I I and Albuquerque w!! I be input.
Task III will provide a specification and
estimate of a 10-kwhr system. In Task IV,
a 50-kwhr system will be extrapolated and
est i mated.
PROGRAM SCHEDULE

Fig. 1. Vertical axis wind turbine
showing modified troposkien configuration.

INPUT

WORK DESCRIPTION
IK I
1.0 Of V I I I SASIC SVSTEM
i.o SELECT IUSSYSTCM
OPTION!:
I * . FLYWHEEL ENEROV
STORAflE UNIT
U . I I I C T I I I C A L MOTOR/
GENERATOR
2c. THANSMII DON
2*. CONTROL!
TAIK II
.0 UTUP COftT-MRFORMANCE
MOO1L
!.Q ESTIMATE PERFORMANCE
3.0 ESTIMATE SAFETY AND
RELIABILITY
IASK III
ULYOUT AftD SPECS
noKWi
SELECT KANOrACTURERB
COST ESTIMATE
ANNUALIZE COST
TASK IV
EXTRAPOLATION TO ID KW
ESTIMATE COiT
ANNUALtZCD COST
At REPORT
STATUS

i

Table 1. Schedule for Sandia flywheel
energy storage system study.
PROGRAM METHODOLOGY

TUES

WED

The method that has been chosen for
the study is as follows. First, a literature search has been accomplished in order
to evaluate both the baseline system and
the components. Second, a baseline system
will be selected and preliminary sorting of

THRU

Fig. 2. Wind energy (input) versus
residential demand (output).
The present study will use data for a 365day year for both a minimum wind site such
as Albuquerque, New Mexico, and a maximum
wind site such as Blue Hill, Maine.
Flywheels have been constructed and
tested that have been made either of isotropic material such as steel or of composite material such as fiberglass or
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components will be estimated. The assumptions will be defined along with the
charging and discharging cycle.
A performance and cost computer model
will be established for the baseline system.
Selected components will be Inserted into
the program, and the performance and cost
data wilI be evaluated for input wind and
•electrical demand data. The baseline system with selected components will be traded

off to optimize performance in terms of
cost. The model will then be evaluated for
safety and reliability.

FLYWHEEL
The flywheel will have the following
variables:

The 10-kwhr system preliminary design
will be finalized and defined by cross section drawings and specifications. Finally,
a 50-kwhr system will be extrapolated. The
results will be documented in a final report.

(a) Shape
(b) Material
(c) Vacuum

SYSTEM DESCRIPTION
The mechanical energy storage system
for a residential application consists of
five major components. These are a gearbox, a generator system, a variable speed
transmission, a flywheel storage system,
and controls. A typical system is illustrated in Fig. 3. In the system analysis,
candidates for each of the above components
will be substituted into the performance
and cost analysis to select the system.
CLUTCH
DARK EUS
MIND
TUHB NE

FLYWHEEL
CONTROLLER

|/\J
BOX
JOTOR/

60 HZ
220 V

t

VOLT.
REG

(d) Bearings
(e) Seal
Flywheel Shape. The variation of shapes'
for the steel or isotropic material flywheel will be limited to a truncated coni"cal disc, solid disc, and pierced disc.
The composite material will use a concentric ring approach. Fig. 4 illustrates the
shape factor K s that is used in calculating
energy density. The second variable for
consideration is the length-to-diameter
ratio. The selected minimum diameter is
2.0 ft and the selected maximum diameter
is 6.0 ft.

,

SPEED
TRANSMISSION

_

1

TRUNCATED
rnmrAi
DISC
TAPER RATING = . 3

^~-~
"-5^;

0.8

1

2

Fig. 3. System description with ac generator.

-A
3

The input to the system is mechanical
shaft power supplied at either a constant
12t>- or 75-rpm speed, depending on the test
location of the wind turbine. The wind
power has been supplied for a worst case
and best case in the form of test data!
supplied by Sandia Laboratories.
The output of the system (electrical
demand) has been calculated assuming an allelectric house with a floor area of 1500
sq ft. These data have also been supplied
on a card deck which describes the yearly
demand of the residence for 60-Hz, 200-v
power.
COMPONENT DESCRIPTION
The selection of components wilI be
accomplished in two steps. The first step
is to select candidate components and
determine their characteristics.
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Fig. 4. Flywheel rotor candidate shapes.
Flywheel Material. The available material
for constructing flywheels is listed in
Table 2. The table shows the specific
energy per pound of flywheel material.
Considering present-day technology and
demonstrated success, several candidates
were selected for preliminary cost analysis. Those candidates marked with an
asterisk will be examined in the system
performance and cost model. Table 3 shows
the flywheel rotor cost comparisons.

Table 2.

Flywheel material candidates.

Energy density versus ;;hape factor
Density
Ib/cu in.

Mater i a 1

Allowable
stress m

0.8

0.6

0.3

*High-strength steel 4340

0.283

140,000

12.4

9.3

4.7

•Maragtng steel 18 Ni + 300

0.289

150,000

13.0

9.8

4.9

*High-strength load
alloy 100 AR

0.283

too,ooo

8.8

6.6

3.4

Aluminum 7075

0.101

26,000

6.5

4.9

2.4

Tivanillin 6A1 4V

0.160

70,000

11.0

8.2

4.1

Depleted uranium

0.683

25,000

0.9

0.7

0.3

*E-glass-epoxy and
aluminum hub

0.080

120,000

14.0

S-glass-epoxy and
aluminum hub

0.079

130,000

15.5

Kevlar 49 and epoxy
and aluminum hub

0.052

170,000

30.7

Plywood and birch

0.022

8,000

6.8

3.4

^Selected for system evaluation!

Table 3.

Flywheel rotor comparison (preliminary)

Costs dollars/1b
Flywheel
Material

Labor

Hiqh-strenqth
steel 4140

12.4

0.25

0.10

0.07

1.32

140

Maraginq steel
18 NI - 3 0 0

13.0

0.25

0.10

0.10

1.92

182

High-strength
low al loy 100 AR

6.6

0.36

0.05

0.07

0.32

121

E-g1ass-epoxy
and aluminum hub

14.0

0.84

0.05

0.01

0.87

126

E-g1ass-epoxy
and steel hub

12.6

0.84

0.05

0.01

0.72

128

Kevlar 49 and
epoxy and
aluminum hub

30.7

0.84

0.05

0.01

6.75
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Too 1i ng
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Unuseable

Mater i a 1

Cost per kwhr,
dollars

E w-hr

Vacuum for Flywheel. The fIywheeI system
windage losses will be insignificant if the
cavity pressure is maintained between 1 and
10 microns. Fig. 5 shows that the loss is
insensitive to the lei.^th-to-diameter ratio.
The variables for the study will then be
the cost impact of a hermetic sealed,
magnetic coupled flywheel versus a sealed
shaft, and the related pump down equipment.

between the 1200-rpm gearbox and the flywheel, and since the design horsepower
is approximated 26 hp, then it appears
that either the traction or the variablepulley rubber belt would satisfy the
design. The relative costs chart listed
in Fig. 7 shows the variable-pulley rubber
be 11 to be most attract i ve on a f i rst-cost
basis. These two selections will be
carried on for final analysis.
The second part'of the transmission
tradeoff is the cost of a transmission.
The transmission will vary from zero to
fu 11 speed versus a speed change of 3 to
1, plus the special motor that must be
designed to tolerate the heat and large
slip angle.
Fig. 8 shows the candidates for zerospeed versus the straight 3-to-1 belt system.
100,000

10,000

Fig. 5.

Effect of length/diameter ratio versus a.
windage losses.

Bearings for the Flywheel System. The
candidate bearings'* for the performance and
cost analysis will be ball bearings, roller
bearings, and hydrostatic bearings. The
evaluated performance and cost will be the
criteria for selection. The magnetic bearings have been eliminated since the loss is
low for the lower cost bearings.

u
|
°
§
£
3
j|

Seals for Flywheel System. The seals4 for
the flywheel system that have been selected
as candidates are the carbon seal, and the
hermetic sealed/magnetic coupled unit.
The ferro fluid seals have been eliminated
because of hiqh losses for the largediameter seal. The life-cycle cost will be
evaluated as part of the vacuum system
analysis.

1,000 10,000 100,000
RATED OUTPUT SPEED, RPM

H m 7

Fig. 6. Design rationale for selection
of transmission options.
100,000

Structure for Flywheel System. The fIywheel containment housing4 must be sealed
for vacuum. The candidates for cost evaluation are a hermetic sealed metal container,
a metal and concrete container, and a metal
container with earth embankment or pit.
The vertical axis and the earth oriented
axis will be examined for the flywheel.
TRANSMISSION
The purpose of the transmission is to
provide a variable speed input to the flywheel system so that mechanical energy may
be stored and extracted as a resuIt of a
speed change of the flywheel. The transmission type was first selected between the
candidates listed in Fig. 6. Since the
transmission is placed in the sysTem

FLUID
~

10,000
METAL-CHAIN AND
WOOD-BLOCK BELT

1,000

100

1

10

100

1,000 JO, 000

RATED POWER CAPACITY, HP

MI7M

Fig. 7. Cost rationale for selection
of transmission options.
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alternator, it is less stable under variable loads and it operates at a lower power
factor.

MOTOR/GENERATOR
The main function of the motor/
generator (M/G) is to provide a.nominal
220 rms (110-v, line-to-neutral, singlephase) at a nominal 60 Hz. In the motor
mode it can be used to start the wind turbine, using the utility as a power source.

The separately excited dc generator is
readily voltage-regulated, reasonably efficient, capable of absorbing overloads, and
capable of wide speed variation under
loaded conditions. It must be augmented
with a solid-state inverter to provide the
household 60-Hz power. The beneficial
operating characteristics are offset by
the high cost of the required inverter.

The M/G could also be applied as a
velocity governor for the wind turbine if
it is referenced to the utility to maintain
an accurate 60-Hz frequency. If it is not
referenced to utility frequency, the flywheel and CVT must be controlled to provide
the frequency required. The frequency
would then be accurate enough for all
household loads except synchronous clocks.

FUTURE WORK
A base Iine computer model has been
established. In this way, the candidate
components may be substituted into the system and input/output performance examined
for rotational losses. In addition, a lifecycle cost analysis will be accomplished to
select the lowest cost system.

The three M/G types that are commercial I y available as well as technically
acceptable are:
(a)

Salient pole synchronous alternator

(b)

Squirrel cage induction alternator

(c)

Separately excited dc generator

After the system is selected, a layout
drawiny and specifications will be accomplished for the lu-kwhr storage system. A
cost estimate will be prepared for both a
10-kwhr and a i>G-kwhr extrapolated system.

The salient pole synchronous alternator is the most easily controlled of the
three candidates. With slip rings to transfer dc field current to the rotor, voltage
regulation can be readily accomplished. It
cannot control suddenly applied overloads
since it will lose synchronism if pullout
torque is exceeded. Amortisseur windings
are required if it is to be used as a
starting motor.
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TRANSMISSION TRADEOFFS
!
TOROIDAL

Fig. 8.

VARIABLE
BELT AND
SPEED
INCREASER

i
VARIABLE BELT
ANP SPEED
INCREASER
WITH FLUID
COUPLING

1
VARIABLE
BELT AND
DIFFERENTIAL
GEAR DRIVE

Transmission tradeoffs.

The squirrel cage induction alternator
is capable of continuous near-synchronous
operation despite short term overloads.
However, its efficiency is not as high as
the synchronous alternator unless it is
controlled to a low slip operation. In
general, when compared to the synchronous
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PROJECT SUMMARY

Project Title: Superconductive Energy Storage
Principal Investigator: R. W. Boom
Organization: University of Wisconsin
531 E.R.B.
Madison, WI 53706
608/263-5026
Project Goals: To develop hardware components, produce engineering system
designs, procure manufacturing and assembly equipment designs,
revise cost estimates, and assess operational efficiencies
for large underground superconductive storage systems.
Project Status: Component development in the areas of cryogenics, conductors,
and structures is under way and to be completed in FY-81. Rock
mechanics design and experimentation is under way and to be completed in FY-81. Parallel efforts supported by the Wisconsin
Utilities are under way on the same schedule in five other areas:
Magnetics, environmental studies, system design, electrical, and
safety.
Contract Number: EY-76-C-02-2844-000 Department of Energy
Contract Period: FY 1970 - FY 1981
Funding Level:

$600,000 FY-78 D.O.E. *

Funding Source:

Department of Energy, Division of Energy Storage Systems

Total Funds:

$3,174,000 FY-70 to FY-78
ERDA, DOE
$1,600,000
NSF
715,000
IKW.
554,000
Wisconsin Utilities
250,000
General Electric
55,000

'Included in this project are the following:
S. W. Van Sciver, "Recent Component Development Studies for Superconductive Magnetic Energy Storage," page 247.
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SUPERCONDUCTIVE DIURNAL ENERGY STORAGE STUDIES
R. W. Boom
Engineering Experiment Station
University of Wisconsin
Madison, Wisconsin 53706

ABSTRACT
A general description of a large central energy storage unit employing superconducting magnet technology is presented. Work on this concept has been under way
at the University of Wisconsin since 1970. Economic and engineering optimization
has shown that a superconducting energy storage magnet system would be competitive
with other storage schemes for units larger than 1000 MWh. The device consists of
a large superconducting magnet of approximately 100 m radius interfaced with the
power system with a three-phase Graetz bridge. Economic analysis dictates that the
magnet be a single layer segmented solenoid buried in bedrock and operated in superfluid helium. An overall discussion of progress on the Wisconsin project is presented including recent cost estimates and time schedule for commercialization of
the technology.
INTRODUCTION
Energy storage studies have been
under way at the University of Wisconsin
since 1970. The originating Wisconsin
idea was that a three-phase Graetz
bridge could be used to convert dc current in a superconducting storage magnet
into ac1current in a three-phase power
system.' The Wisconsin work has concentrated on large central storage units
for diurnal use while a subsequent energy
storage effort at Los Alamos (see companion papers by J. Rogers et al. in this
session) has evolved to include a concentration on small storage units for utility
stabilization purposes. The efforts at
Wisconsin and at Los Alamos represent
the major worldwide activity in superconductive storage although there are
indications that Japan and Russia are
becoming interested.
The concept is that large but
simple superconducting solenoids store
energy in the form of dc 2 currents in an
inductance equal to V2LI , where L is
the inductance and I the dc current. The
solenoid turns are superconducting to
eliminate I'R losses, where R is zero
resistance for superconductors. The use
of superconductors necessitates the use
of cryogenic systems and a liquid helium
coolant. The solenoid would be mounted
in bedrock which is the least expensive
mechanical support structure available.

According to the virial theorem,
M > § E, the structural mass M per kWh of
stored energy E must be greater than
264 lbs/kWh for stainless steel with
0 = 50,000 psi and p = 7.86 g/cm3. The
weight per pound can be reduced only by
using lighter material at higher stress
levels. The practical result is that
such structural requirements absolutely
forbid any purchased structure, only inexpensive bedrock is available. Flywheels also suffer from the same absolute
prohibition if $/kWh is significant.
The three-phase ac/dc Graetz bridge
and the dc energy storage magnet coil
form an inductor-converter (I-C) unit.
Typical uses for large I-C units are
2-12 hour discharges at rates of 100 to
2000 MW for nighttime charging and daytime discharging.
Large central storage I-C units are
unique in that 90-95% efficiency is possible. Another unique property is the
speed of response; within 50 milliseconds an I-C unit can change its power
level from full charge to full discharge. We are not aware of any other
storage system with these two advantages.
A total of $3,174,000 has been
expended at the University of Wisconsin
from 1970 through FY-1978 from the
various sources listed in Table 1. The

University of Wisconsin and General
Electric Corporation provided initial
funding followed by National Science
Foundation support which led to the
present ERDA-DOE grants. Throughout the
eight years the seven electric utility
companies in Wisconsin have provided
working staff in addition to the funds
listed which were transferred to the
University from the Wisconsin Electric
Utility Research Foundation.

generally estimated to be between 5% and
10% of the peak available power from
generators. The duration of the power
delivered from storage would vary from
2 to 10 hours in different utilities
across the country with a trend towards
needing 12 hours from storage. The peak
power period starts in the morning after
8 A.M. and persists through the late
afternooon on weekdays. Occasionally
peak needs for storage even arise during
a weekend. The peak power in Wisconsin
two years ago was on a Sunday that was
exceptionally hot and humid.

Table 1. Aggregate funding for the
University of Wisconsin Energy Storage
Project from 1970 to October 1, 1978.
Source
University of Wisconsin
General Electric Corp.
Wisconsin Utilities
N.S.F.
E.R.D.A.
D.O.E.

As an example let us take the state
of Wisconsin whose power requirements are
about average for the 50 states. The
peak power is about 8000 MW which implies
that 800 MW would be desirable from
storage for about 10 hours, as has been
determined by our utility collaborating
engineers. Thus 8,000 MWh might be
needed for the average state. We predict
economic competitiveness for I-C units
larger than 1000 MWh and therefore
recommend for Wisconsin, as an example,
two I-C units of 4000 MWh each. Larger
units are less expensive per unit of
storage but lack the reliability of
redundant smaller units. Thus compromise
between size, cost and redundancy would
be made after operating experience is
obtained.

Amount
$ 554,000
55,000
250,000*
715,000
300,000
1,300,000
$3,174,000

*
Also provided in house studies and
staff.
During this period faculty and staff
from five engineering departments have
worked on the storage project. There
have been 13 faculty, 12 research associates and assistant scientists (postdoctoral s), 5 permanent staff, and 32
research assistants (graduate students).
The project was fortunate to have available specialists in all necessary disciplines: superconductivity, cryogenics,
rock mechanics and geology, metallurgy
and materials, power engineering,
mechanical design, and stress analysis.

The magnitude of U.S. storage needs is
iaken as 50 states x 4000 MWh * 200,000 MWh,
which assumes that the average state wants
storage at half the Wisconsin rate.
Wisconsin is fortunate in having 30% of its
power capacity from inexpensive new base
load generators which are available 90% of
the time, a notably reliable performance.
As expected, storage couples well with
efficient generation. In addition, storage
couples well with intermittent generation,
as would be available from future photovoltaic cells, for example.

This paper is one of two describing
the Wisconsin effort. In the second
paper by S.W. Van Sciver the new and
recent research and development is presented. In this paper is presented the
more general aspects of the Wisconsin
project development with emphasis on
system specifications, system design,
electrical power system design and rock
mechanics. Tentative cost projections
and project schedules are discussed.

DISPERSED STORAGE
The magnitude of the utility storage
needs seems to preclude widely distributed
small storage units. Most utility advisors
would not want 80 I-C units of 100 MWh each
and would prefer only two or three units of
equivalent total energy. Small units are
generally inefficient and costly to build
per unit power. I-C units costs scale as
Ed/i, where E is the total stored energy.
In Table 2 these cost trends are illustrated. We can predict 200,000 MWh of

NEED FOR SUPERCONDUCTIVE STORAGE
REQUIREMENTS
The desirable amount of power from
storage in an electric utility system is
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storage countrywide in 50 large units
would cost 27% of the cost for 2500
smaller units. In addition, maintenance,
siting and environmental controls might
scale even less favorably for many small
units.

time of day metering. It will require
$100 M to completely install metars 1n
the WPL system. We estimate that $100 M
would buy a 1500 MWh I-C unit. Such
storage is 10% of WPL peak power for
10 hours and would probably eliminate the
need for time of day metering with its
implied disruption in life style.

Table 2. Relative capital costs of
I-C storage units.
Size
10,000
8,000
5,000
2,000
1,000
500
100

MWh
MWh
MWh
MWh
MWh
MWh
MWh

ADDITIONAL CREDITS

Capital Cost/MWh
1.00
1.08
1.26
1.70
2.16
2.72
4.63

POLLUTION AND SITING
One of the very few pollution problems associated with I-C storage is the
electromagnetic interference arising
from the three phase Graetz bridges.
This problem is common to most forms of
electrical storage, especially storage
batteries, which rely on ac/dc conversion. The bridges must be shielded to
prevent interference on telephone systems.
It is much easier to shield 50 interference sources than 2500 sources, which again
mitigates against widely dispersed storage.
There is no need to locate storage
units near generators, it is only
required that adequate transmission
lines exist between the storage unit and
the power system.

Supplementary uses for I-C units
in power systems, such as AGC (automatic
generation control), transient stability
regarding major disturbances and voltage
regulation have been discussed in our
reports. The major use, of course, is
the diurnal storage and release of energy.
What makes I-C storage high quality is its
speed of response. No other storage
system can reverse power direction within
50 milliseconds. Such speed might prevent
system blackouts following losses of load
or generators. Load following second by
second can be provided by an I-C unit
simultaneously with its major chargedischarge function. Such load following is otherwise unavailable and should
greatly reduce the wear and tear on
"old" generators which normally provide
load following functions.
In summary, load leveling in electric
utility systems by large central storage
units is needed. Superconductive I-C
storage may prove to be the best option to
pumped hydro storage and time of day
metering.
SUPERCONDUCTIVE ENERGY STORAGE SYSTEM
DESIGN STUDIES
EARLY RESULTS
The early work between 1970 and 1976
was primarily a feasibility study which
indicates that superconductive storage is
technically and economically feasible. The
results of these early studies have been
published in Vol. I and Vol. II, Superconductive Energy Storage Reports, University
of Wisconsin and in the first 19 papers
listed in the Wisconsin bibliography.
The major results are:
1. Bedrock structure is needed.
2. Cryogenic stability for the conductor is required.
3. Pool cooling with superfluid
helium is preferred.

ALTERNATIVES
The two main competitors for load
leveling today are pumped hydro storage
and load management through time of day
metering. Pumped hydro storage is
economic and would be attractive wherever
the terrain allows for upper/lower bodies
of water and environmental standards can
be met. There are very few sites available in the central U.S. and environmental disadvantages are extensive.
Time of day metering is a costly
metering snd billing process which adds
nothing productive to a system. Wisconsin
Power and Light, which is the 60th largest
utility in the country, is a leader in
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4. An aliiminum. stabilized NbTi composite is planned.
5. The conductor, dewar, dnd associated structure are to be rippled at
approximately 1 meter radius of curvature.
6. A one layer, thin wall, high
current, solenoid is probably best.
7. A multi-tunnel, sectored solenoid results in less cold structure and
greater safety.
Since 1976 the project has entered
the component research and development
phase, as reported in papers 19 to 55 of
the bibliography and in the 1976 Annual
Report published in May, 1977. In the
companion Wisconsin paper by S.W. Van Sciver
the study of conductor, structure and
cryogenic systems is given. Here we include the electrical system and rock
mechanics studies.
ELECTRICAL
The external electrical circuitry
consists of three-phase Graetz bridges,
such as those used on dc transmission
lines. By arranging the converters in
series and parallel large dc currents and
real and 1reactive power control can be
achieved. Superconducting short circuit
switches across the storage magnet are not
planned because 10 hour charge and 10 hour
discharges use up the time available. The
energy loss in the leads and bridges is a
minor loss and can be tolerated for 24 hour
periods. If a short circuit is needed then
a thyristor bypass switch is probably the
best choice.
The internal magnet electrical considerations are unique to superconducting
magnets. Magnet dc voltages up to 10 kV
and currents up to 330,000 A are planned
for storage magnets with fields up to
2.5 T. Because of the large currents it
is necessary to limit the number of
external leads, preferably to only two.
Voltage breakdown in helium liquid and
vapor, and through and across insulators,
limits internal design voltages to a few
hundred volts. The lowest voltage breakdowns occur in helium vapor. Our experiments show that 1 kV is the maximum
voltage 5Zacross reasonable separations of a
few mm.
Me plan for voltage drops to be
taken across solid insulators so that the
helium will not be subjected to large
potential differences.

Magnet safety will be achieved by
subdividing the unit into several
separate vacuum and helium sections so
that any local problems are isolated to
a fraction of the total unit. Energy
can be removed quickly from a section by
mutual coupling to other magnet sections
in conjunction with some external energy
discharge through the Graetz bridge. In
this way magnetic fields and magnetic
fluxes are maintained approximately
constant, thus avoiding induced voltages
and ac losses.
ROCK MECHANICS
The preferred design is a multiple
tunnel unit shaped for a favorable field
and force distribution. One example
studied is the "C" shaped three tunnel
1000 MWh unit sketched in Fig. I. 36
This three tunnel unit minimizes shear
loading on the walls by arranging the
turns in a "C" shape. The magnetic load
is transferred to the outer wall of the
central tunnel and the inner horizontal
walls of the outer tunnels as shown by
the arrows in Fig. 1.

Fig. 1. Three dimensional view of three
tunnel magnet system. Arrows denote directions in which the rock is loaded. The
central tunnel is 15 m high; its inner wall
radius is 65 m (not drawn to scale).
Site studies and associated laboratory work are under way in order to
determine criteria for I-C storage units.
Site investigations include geologic
mapping, hydrologic studies, core hole
studies, laboratory and field mechanical
studies, in situ rock stress measurements,
and finite element analysis. Four core
holes have been drilled; in granite,
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guartzite, rhyolite and carbonates
(dolomite) to depths of between 200 m
and 300 m. The data obtained is used to
conduct the finite element analysis of
the rock structure around the three
tunnel unit. One result is shown in
Fig. 2, where surface tensile stresses or
surface shear failures are36 reduced with
appropriate rock bolting.
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Fracture Geometry and Hydrology. Fracture
geometries combine with stress distribution to cause unstable zones in the
tunnels; of particular importance are
zones where joint systems parallel the
inner walls of the central tunnel and
the area between the tunnels in the 90°
profile. Rock masses must have low
permeabilities controlled by fractures
which can be successfully grouted.
Bolting may be necessary in some parts
of the inner walls of the central
tunnel, the roof of the upper tunnel,
and the floor of the lower tunnel to
avoid joint deformation which might
cause joint aperture increases and water
flow problems.
COST ESTIMATES
Over the years cost estimates and
cost reduction engineering research has
been emphasized. In 1976 a particularly
careful cost optimization and design was
undertaken. The following tables outline engineering progress and development over the years. The cost basis in
all cases is the 1976 dollar and changes
in costs result only from engineering
improvements. The cost in mills/kWh
stored is based on delivering 90% of the
stored energy in a 10 hour day. The
yearly cost of the unit is taken as 16%
of the original capital cost for interest,
taxes, dividends, maintenance, etc. and
20% for interest during construction.
These were typical rates for 1975-76.

O'-W
0«45*

Fig. 2. (a) Potential shear failure zones
before reinforcement, 0° profile, (b)
potential shear failure zones before reinforcement, 90° profile, (c) rock bolt
pattern; note that the bolt pattern
change's with profile, (d) shear failure
zones after reinforcement, 0" profile,
(e) shear failure zones after reinforcement, 90° profile.
Some general conclusions from the
rock mechanics work are that three major
factors affect the stability of storage
tunnels:

In Table 3 the initial cost estimate for storage is 101 mills/kWh
delivered. The copper in the composite
conductor and the stainless steel
structure are too expensive. The storage
cost in mills/kWh delivered is a better
measure than $/KW because different
discharge times drastically effect the
kilowatt rate for a given storage magnet.
The reader i s referred to Vol. II for a
complete set of cost presentations.

Rock Strength. The rock mass must be
stiff enough to contain the magnetic
loads without deforming so much as to
damage the conductor. Because of joints
and discontinuities, we have found some
reinforcement is necessary even in hard
rock masses.
In Situ Stress. Stress distributions in
the tunnel vary strongly with profile
about the tunnels. The least stable
zone appears to be the 90° profile which
Is parallel to the greatest horizontal
in situ stress. The 0° profile is
perpendicular to the greatest horizontal
in situ stress. Depths of at least 300400 in are necessary to avoid vertical
and tangential tensile stresses in parts
of the tunnels.

In Table 4 the design status in
1974 shows substantial improvement
resulting from replacing copper with
less weight aluminum and steel structure
with bedrock structure. The storage
cost estimate of 27.1 mills/kWh is
tolerable when one notes that in 1976
a cost of 60 mills/kWh was attached to
gas turbine peaking power.
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by better and less expensive reinforced
polyester struts.
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Both engineering and cost progress
are seen in the above tables. The cost
basis is given in Chapter II, Vol. II
and is purposely conservative.
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COMPONENT DEVELOPMENT

t.l

Oa^waM

17.1 a l l l l / u *

For the next two years, FY-79 and
FY-80, component development and test
will be completed for the conductor,
strut, and cryogenic system. Rock
studies will continue with emphasis on a
site near Madison. In FY-81 a substantial portion of the funds will be used
to procure the Industrial design of
component manufacturing and assembly
equipment (conductor, struts, cryogenics). Specialized rock excavation
equipment may need to be designed.
The system construction equipment
will be designed in FY-81.
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In Table 5 the benefits of engineering optimized component design is
evident. Costs are now reduced to
18.7 milis/kWh due to the proper
selection of magnetic field, strut
length and conductor.
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Following the development of the
components and the design of the
assembly equipment it will be possible
to accurately assess the cost estimates
and recommend the future construction
of the first model unit.

1.1
t.l
t.l
t.l

t.t
11.7 allls/UD

MODEL UNIT
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At this time we anticipate that the
model should be in bedrock and that all
ideally developed fabrication and construction equipment should be used. The
model will not be built to show that it
operates. The magnet is so conservative
that operation is absolutely guaranteed.
For example, the composite conductor
uses the well developed Fermi National

In Table 6 the current revised
design costs slightly more at 19.2
milis/kWh. The main advance 1s that
the conductor is now deemed to be
manufacturabie. Heat transfer data is
measured to be better than previously
predicted and epoxy struts are replaced
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Laboratory conductor which carries
current without all of our aluminum.
The additional aluminum insures
reliability and trouble free operation.
The model is to be built to demonstrate that the proper construction
equipment has been used and to verify
that costs are known.
Scaling is easy. Since only full
scale conductor is used at full current
at full field at full radius of curvature there is no extrapolation needed to
larger sizes. The first unit could be
in the 10-50 MWh range and the demonstration unit to follow in the 1001000 MWh range.
CONCLUSIONS
Superconductive energy storage is
technically and economically attractive,
according to the Wisconsin development
and design studies. Storage efficiencies
up to 95% seem probable. The further
development of components and the design
of manufacturing and assembly equipment
will provide a more advanced confirmation
of this favorable assessment. The first
model to be built in bedrock with the
proper equipment will provide the final
confirmation of the use of superconductive
storage for load leveling in utility
systems.
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RECENT COMPONENT DEVELOPMENT STUDIES
FOR SUPERCONDUCTIVE MAGNETIC ENERGY STORAGE
S. U. Van Sciver
Engineering Experiment Station
University of Wisconsin
Madison, Wisconsin 53706

ABSTRACT
For the past two years the Wisconsin Superconductive Energy Storage project has
been in the component development phase. Work during this period has been principally
directed toward development of the superconducting composite conductor and the fiber
reinforced strut needed to transfer the loads from the magnet to the bedrock structure.
Conductor work has involved design as well as research into manufacturing techniques
suitable for mass production. In a related activity, heat transfer studies in superfluid helium has shown potential for substantially better conductor stability than
occurs in normal helium. Compressive testing of fiber reinforced composite materials
has been employed to evaluate the commercially available products. A current survey
of progress in the component development studies at Wisconsin provides the main content
of the present paper. The direction of future activities is also discussed.
INTRODUCTION
In 1976, The Wisconsin Superconductive Energy Storage Project entered the
component development phase. This
activity, which has followed the early
system optimization and conceptual
design studies, has required initiation
of development programs in several key
areas. Based on the conceptual design
studies, development has centered around
the superconductive composite conductor
and the fiber reinforced composite
structural supports of the storage magnet.
The principal goal of this phase is to
identify the best materials and manufacturing techniques so that equipment
can be designed to mass produce the
components for a full scale energy
storage magnet.
It is the purpose of the present
paper to provide an up-to-date survey of
the progress that the Wisconsin group has
made during the component development
phase of the project. The discussion
will include the directions for future
activities.

presented here to provide a basis for
discussion of the components.
A superconductive energy storage
magnet for electric utility load leveling
and peak shaving has been estimated to be
commercially competitive with alternate
storage schemes
for units larger than
1000 MWh. 6 In order to make the device
cost competitive, it must be buried in
bedrock, which provides the structural
support at the rather low cost of excavation. A schematic of a superconductive
energy storage unit is shown in Fig. 1.
The dimensions of a 1000 MWh magnet are
approximately 70 m radius and 30 m
height, for a magnetic field at the
center of the solenoid of 5 T. The
solenoid is segmented into three
separate magnets to minimize the cold
structure and to reduce the shear
loading on the rock wall.

COMPONENT DESIGN
The Wisconsin approach to the design
of superconductive energy storage magnets
has been discussed in detail in the
adjoining article' as well as in
numerous papers in the literature. "° A
brief review of the overall concept is
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Fig. 1. Conceptual design of a superconductive energy storage facility.

A detailed view of the magnet and support structure are shown in Fig. 2. -The
magnet consists of a single layer solenoid
wound from aluminum stabilized-NbTi superconducting composite conductors cooled by
pool boiling superfluid helium at 1.8 K.
The conductors have a round cross section
and are rippled in a radius of curvature
of approximately 1 m. The ripple is
necessary to reduce the hoop stress in the
conductor. The radial load is transferred
to the bedrock through fiber reinforced
composite struts. If the magnet were not
rippled in the above fashion, it would
require a more complicated and costly support structure.

the superconductor since it is currently
available in industry.
HIGH STRENGTH ALUMINUM SHELL

HIGH STRENGTH
ALUMINUM WEB

SUPERCONDUCTING
FILAMENTS
HIGH PURITY
ALUMINUM STABILIZER

Fig. 3. Composite NbTi-aluminum conductor
design.
Stability of a magnet is a basic
requirement so that it can operate
without unplanned quenching. Full cryogenic stability must be the approach for
large superconducting magnets since the
total energy stored is very large. By
full cryogenic stability we mean that
the conductor contains sufficient high
purity normal metal to carry the current
should the superconductors go normal for
any reason. We determine the required
normal metal by using the cryogenic
stability criteria 10
\c p/A = qS
Fig. 2. Detailed view of magnet support
structure.
The superconducting composite conductor requires an active research and development program. The end product of this
program must be a high current conductor
which can be manufactured in continuous
lengths and at moderate cost. The Wisconsin
answer to the above requirements is shown
schematically in Fig. 3. The diameter of
the full scale conductor is 8.0 cm which
has a design current of 286,000 A. 9 The
overall current density of the conductor
is 5700 A/cm z .
The conductor has three principal
components. The superconductor, located
near the outer surface, consists of a
braid of NbTi copper composite very
similar to that used by the National
Accelerator Laboratory in the Energy
Doubler Project. At this time, no
development programs are required for
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where the joule heat generated per unit
length, I 2 p/A, must be dissipated in
the cryogenic coolant through the conductor surface, S. The allowable heat
transfer, q, is determined by the
properties of the helium.
An important design decision early
in the project was to propose to cool
the magnet with liquid helium at 1.8 K
rather than at its normal boiling point
of 4.2 K. This decision was motivated
by two considerations. From the standpoint of cost, the superconductor
required for 1.8 K operation is roughly
half that needed for 4.2 K. 11 This
reduction in NbTi more than offsets the
added refrigeration for the lower
temperature operation. The other aspect
to the decision was that at lower temperatures, T < 2.2 K, helium becomes
superfluid having substantially better
heat transfer characteristics. This
cooling concept requires further research

to evaluate the heat transfer characteristics of superfluid helium.

in a polymer matrix such as polyester or
epoxy. The ultimate strength's of these
materials ure typically greater than
100,000 psi (690 MPa) while thermal
conductivities are in the range 0.1 to
1 W/mK.

High purity aluminum has been chosen
as the stabilizing material in the energy
storage magnet conductor. This choice is
principally because aluminum can be easily
and cheaply manufactured in the very pure
state. In addition, aluminum has a lower
magneto-resistance than copper. The disadvantage of using high purity aluminum
is that it has a very low yield strength.
Under the loading which is present in the
energy storage magnet, the high purity
aluminum yields completely and must be
contained. The conductor is designed
with a skin of intermediate strength
aluminum to contain the stabilizer.
The structural cruciform, the third
component of the composite conductor, is
necessary to carry the hoop tension
between the support struts. Also, the
conductor must be able to transfer loads
to the struts requiring bearing stress
capabilities. The star cross section has
been chosen to insure against collapse
of the conductor at the point where it
transfers loads to the strut.

SECTION *-*

Fig. 4. Conductor, dewar and strut
assembly.

Finally, the conductor has been
designed with a circular cross section to
permit better manufacturability. Each
component can be extruded separately and
assembled with a combination of drawing
and swaging processes. These procedures
can be carried out nearly continuously
allowing very long lengths to be
manufactured.

COMPONENT DEVELOPMENT
CONDUCTOR
At Wisconsin, we have demonstrated
manufacturability of the conductor concept
discussed above. In a small production
facility, we have been able to produce
quarter scale test samples. A photograph
of a completed conductor sample is shown
in Fig. 5. The cruciform is extruded in
industry from 6061 aluminum. Wedges of
high purity aluminum are then inserted
with the superconductor, also purchased
from industry. The entire assembly is
subsequently inserted into a tube of intermediate strength aluminum, such as
6063, and swaged together to form a
tight monolytic unit. Consideration is
being given to alternative aluminum
alloys particularly for the skin where
strength and thermal conductivity must
both be high.

The design of the fiber reinforced
composite strut is shown in Fig. 4.
Since the strut separates the conductor
windings at liquid helium temperatures
from the ambient temperature rock wall,
it must have both a high strength and a
low thermal conductivity.
The design scheme calls for cooling
the strut at intermediate points, 11 K
and 70 K, to minimize the heat
load at
liquid helium temperatures.IZ Refrigeration power required to recover the
losses through the strut amounts to the
major loss mechanism in the energy
storage magnet. In addition, the
choice of material must allow easy low
cost manufacture since many struts are
required for an energy storage unit.

Future programs in conductor
development are directed toward studying
mechanical, electrical and thermal properties of the conductor samples which
are being produced. A 1,000,000 lb
testing facility and a 3 T large bore

Apparently the best material for
the strut is a composite of glass fibers
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AT(K)

Fig. 5. Quarter scale conductor sample
manufactured at Wisconsin.

Fig. 6. Heat transfer curves for superfluid and normal fluid helium.

superconducting magnet are available to
investigate the performance of this
conductor.

This choice is principally due to their
high strength to thermal conductivity
ratio (a/k), which is a figure of merit
for cryogenic structural materials. At
Wisconsin, we have been investigating
commercially available glass fiber reinforced composites to determine which would
be best for a strut. This survey has involved compressive testing at room as well
as cryogenic temperatures. Both ultimate
strengths and cyclic fatigue data have been
collected on five different composite
materials.

CRYOGENICS
The volume of high purity aluminum
required to stabilize the magnet conductor is largely determined by heat transfer
to the helium bath. The maximum design
surface heat flux (often the recovery
heat flux in a boiling experiment) must
not be exceeded in steady state. At
Wisconsin we have been evaluating the
heat transfer behavior of superfluid
helium to compare its performance with
normal pool boiling at 4.2 K. Plotted
in Fig. 6 are heat transfer and boiling
curves for superfluid and normal fluid
helium. For normal helium at 4.2 K, the
recovery heal flux is around 0.2 W/cm 2 . 13
Substantially better heat transfer is
observed in superfluid helium where the
recovery heat flux is about 0.7 W/cm 2 at
1.9 K and 0.02 atm (saturated vapor
pressure). Further enhancement in the
recovery heat flux is achieved by pressurizing to around 1 atm, where
recovery zis1 4 observed
to occur at
1.9 W/cm . ' l b This improved heat
transfer means that less normal metal is
required to stabilize the conductor than
would be needed in normal helium, further
reducing the overall conductor cost.
STRUCTURE
The best materials for the structural
member in an energy storage magnet appear
to be glass fiber reinforced composites.
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Ultimate compressive strength data
at room temperature, 77 K and 4.2 K are
shown in Fig. 7. In general, th'.- unidirectional composites are stronger than
the cloth reinforced. Strengths of the
unidirectional composites are typically
100,000 psi at room temperature increasing to nearly 200,000 psi at 77 K
and below. Cloth reinforced materials
are roughly half as strong ranging from
50,000 to 100,000 psi ultimate
strength
at reduced temperatures.16
An important observation of this
data is that the strengths of materials
are relatively independent of whether
the matrix is epoxy, polyester or vinyl
ester. This effect is important since
the cost of polyester is substantially
lower than epoxy. In addition, the
polyester is more durable under cooldown
being less inclined to crack. Thus,
based on the ultimate strength measurements it appears that glass reinforced
polyester is the best choice for the
strut.

Future activities in the structural
support research and development program
are to test model struts under compressive
and shear loads. Initially the work
will be carried out at room temperature,
with later modifications allowing for
cooling the strut to low temperatures.
Half scale struts will be tested up to
1,000,000 lbs total load.
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CONCLUSION
The principal achievements during the
first two years of the component development phase of the Wisconsin Superconductive Energy Storage project have been
summarized above. Activities in the
development of the superconductor composites conductor have shown manufacturability of a fully stable aluminum-NbTi
composite to be cooled by 1.8 K superfluid
helium. Structural support development
has tentatively selected glass reinforced polyester as the strut material.
Testing of the conductor and strut are
planned in the near future. The ultimate goal of these activities is to
develop manufacturing equipment in
industry for producing the components of
an energy storage magnet.

i

100
200
300
TEMPERATURE (K)

Fig. 7. Average ultimate compressive
strengths versus temperature for fiber
reinforced composites.
Since the energy storage magnet
varies its loading over the diurnal
cycle, it is necessary that the strut be
designed to withstand the 10 b cycles
that occur during the lifetime of a
unit. Therefore, cyclic fatigue
measurements have been carried out
on the glass-fiber reinforced polyester.
Results of these measurements are shown
in Fig. 8 which is a plot of the peak
stress versus median fatigue life of the
sample. The allowable peak stress under
lO1* cycles is approximately 70% of the
ultimate strength for both the room
temperature and cryogenic temperature
data. 17
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ABSTRACT .

Modulation of the Pacific HVDC Intertie has shown that a small amount of control
can provide damping for the western system, which has a history of negatively damped
oscillations.

Because an extended

outage of the DC Intertie could reduce the capa-

bility of the AC Intertie an alternate source of damping is desirable.
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1,400-MW interconnection between the
Pacific Northwest and the Los Angeles
area. Figure 1 shows the Pacific AC and
Pacific HVDC Interties.

DESCRIPTION OF THE
WESTERN POWER SYSTEM

Portion"

-

,j
\\

The western power systen, as comprised
by the Western Systems Coordinating
Council (WSCC), includes all or part of
the 14 western states, and British
Columbia. These interconnected systems
operate about 75,000 miles of transmission lines, 115 kV and higher, and
have a total installed generating capacity of about 92,500 MW.
The WSCC system can be characterized by
its diversity. The Pacific Northwest is
a winter peaking region with predominatingly hydro generation, while the
Pacific Southwest is a summer peaking
system which has primarily oil-fired
steam generation.
In order to take
advantage of this seasonal load diversity and the availability of surplus
Northwest hydro generation, the northern
and southern portions of the WSCC
system are connected by a system of
interties. The 500-kV Pacific AC Intertie is the primary alternating current
interconnection between the Northwest
and Southwest. This Intertie is composed of two lines with a total rating
of 2,500 MW. A system of 230-kV and
345-kV ties extending around the eastern
side of the system also connects the two
regions. In addition to the ac interties, the + 400 kV bipolar, direct
current Pacific HVDC Intertie provides a
255

Pacific

\OBEOON

^ S S \ \

NEVADA

Ocean

Fig. 1
Pacific
Northwest-Pacific
Southwest intertie system.
During the spring and early summer high
stream flows in the Northwest dictate a
heavy export of surplus hydro generation
to the Southwest. Because this displaces high-cost oil-fired steam generation in the Southwest, large economic
and energy conservation benefits are
realized. At other times, this system
of interties provides a capability to
exchange off-peak energy.
In order to enhance the transient stability of this interconnection, BPA
installed a 1,400-MW braking resistor in
2
its system . During a large transient
swing the brake is applied to the system
for 30 cycles, thereby decelerating
Northwest generation. Stability studies
have shown that this improves the transient stability of the north-south interconnection by about 900 MW.

CAUSES OF POOR SYSTEM DAMPING
Traditionally, the stability of power
systems has been assessed in terms of
maintaining
synchronism
between the
various parts of the system, both in
steady-state
(steady-state
stability)
and following a severe disturbance such
as a 3-phase fault (transient stability). Usually, if the system survives
the first swing, the transient subsides
because of the natural system damping
resulting from machine windings, turbines, loads, etc.
Control systems on generators can lead
to another type of instability. Normally, in tightly-connected systems, the
frequency of electromechanical
swing
modes range from about 1 Hz to 2 Hz and
are usually well damped. However, when
large systems are connected by long,
relatively weak interties, lower frequency modes result. The response of
generator controls to the synchronizing
swings
associated
with
these lowfrequency modes can produce sufficient
negative damping to cancel the natural
damping of the system. When this happens, oscillations of increasing amplitude will occur (dynamic instability).
Although a system could operate beyond
its transient stability limit provided
no . severe disturbances such as 3-phase
faults occur, it could not operate
beyond its dynamic stability limit. The
constantly occurring small changes in
operating
conditions
(loads, voltage
levels, etc.) would give rise to
oscillations of increasing amplitude.
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The primary source of negative damping
of the one-third Hz swing mode associated with the Pacific AC Intertie is the
response of generator excitation systems. The negative damping occurs when
excitation systems correct changes in
machine terminal voltages caused by
swings in power angle between the interconnected systems . These fluctuations
in excitation cause sizeable negative
damping torques to be exerted on the
rotating masses. Other less important
sources which contribute to the negative
damping of this swing mode include the
high-frequency response of hydro governors and certain types of loads.
Figure 2 shows a typical example of a
negatively damped oscillation.
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Fig. 2 Negatively
Intertie oscillation
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Pacific AC

SIZING THE SMES UNIT
Because the rating of the SMES unit
depends on the size of the synchronizing
swings to be damped, the types of disturbances which occur in a power system
need to be considered.
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Table 1. Poles and zeros for AC Intertie response to Chief Joseph brake
application.
Poles
Zeros

TUM (N HCONOS

Fig. 3 Time response of AC Intertie
phase current to Chief Joseph brake
application.

0.084
-0.295
-0.422 + jO.374 -0.336 + jO.782
-0.254 +j2.214 -0.386+ j3.240
-0.445 + J3.560 -0.365 + J4.051
-0.519+ j4.989 -1.135 + J5.700
-1.123+ j6.650 -25.484 +j7.294
-1.570 +j7.338 -0.134 +j7.670
-0.788 + J9.089 -0.456 + J9.168
Gain = 0.01065 AC Intertie Phase Amps/
Brake MW
The third pole is the AC Intertie swing

Fig. 4 Frequency response of AC Intertie to Chief Joseph brake application.
than the time domain because accurate
gain and phase replication was needed
over a wide frequency range in order to
design the compensator. Complex values
for the poles and zeros are listed in
Table 1.

mode. Remaining poles are needed to
describe the multitude of high frequency
swing modes associated with tightly
coupled groups of machines. This transfer function has the time domain response
shown in Figure 3.
Because
"Hanning" was used to obtain smooth
frequency response data, the damping of
the transfer function response is somewhat greater than the measured response.
COMPENSATOR DESIGN
To get maximum benefit from the SMT'f;
unit it is necessary that control signals have the proper gain and phase
relationship to AC Intertie swings.
Because the objective is to damp a
specific swing mode, it is desirable
that components of the control signal
due to other swing modes and noise be
minimized. These objectives were suc-

The poles describe the damping and
frequency of the modes of the system,
while the zeros provide the proper model
composition.
The first two modes are
believed to be due to the dynamics of
hydro-plant water passages, and the
composite response of speed governors.
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cessfully achieved with dc modulation.
As a result, it was anticipated that a
similar control system would be used for
the SMES unit.
Figure 5 shows the compensator used for
dc modulation . For the SMES system the
input to the compensator would be phase
current magnitude derived from fast
responding current transducers located
at the northern terminal of the AC
Intertie. This signal would be differentiated
and telemetered
to Chief
Joseph. The low-pass filter is used to
control bandwidth, and the lead compensator provides additional signal shaping. High-frequency swing modes (1 Hz
to 2 Hz) are removed by the notch filter.
The output is applied to the
regulator of the SMES converter.
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•2 • V • -2m
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ginary axis of the s-plane (undamped).
Also the zeros closest to these poles
were moved to the imaginary axis. The
compensator parameters employed for dc
modulation were used as the starting
point for determining values for the
SMES system. Figure 6 shows the corresponding root-locus where the subscripts c and s have been used to distinguish compensator poles and zeros
from those of the system. The "best
gain" was choosen to maximize the damping of the AC Intertie mode. An extensive parametric study showed that, with
a suitable gain change, dc modulation
compensator values were also best for
the SMES system. This is due to similar
system transfer functions aad a compensator design which is insensitive to
parameter changes.

2

-1

10.0
IVFRSF OECAV TIME CONSTANT IN SEC

Fig. 5 DC modulation compensator.
The SMES unit was assumed to have an
instantaneous response over the frequency range of interest. The system
transfer function, listed in Table 1,
was pessimistically modified by placing
the AC Intertie pole pair on the ima259

Fig. 6
Root-locus of dc modulation
compensator contolling SMES unit.
C - Compensator dynamics
S - System dynamics
0 - Best gain (0.46)

NOiSE CHARACTERISTICS OF THE
AC INTERTIE

Table 2. Poles and zeros for spectrum
of AC Interie power variations.

Fourier analysis of AC Intertie power
variations, measured under a wide range
of operating conditions, provided spectral characteristics of the response of
the AC Intertie to random load switching. Figure 7 shows a typical spectrum
with HVDC modulation off, fitted with a
5th-order model
(Table 2).
At low
frequencies the effect of random load
switching is evident, producing the
initially
linear
decline with
log
frequency like the spectrum for integrated
white noise. The peak at 0.35 hertz is
amplification of load switching noise
by the AC Intertie swing mode. The
activity at 0.17 hertz is of undetermined
origin. However, sustained oscillations
have recently been observed at that
frequency.

a
1 is-

Poles

Zeros

0
-0.167 + j0.996
-0.136+ jl.028 -0.137 + jl.854
-0.290 + J2.266
Gain = 5.8
RATING OF THE SMES UNIT
The AC Intertie noise spectral information, together with the system transfer
function and compensator, permits estimation of the converter rating of the SMES
unit.
For analysis purposes noise
spectra can be modeled as the output of
a transfer function T (s) with white
noise as the input.
Referring to
Figure 8, modeling the feedback effect
of the SMES unit requires conversion of
the noise spectra to be an input at
Chief Joseph.
Tg(s) is the system
transfer function listed in Table 1 with
a gain change to convert A I._ to
APA(;. Tg(s) is Tg(s), possibly modified
to represent changes in system dynamics
such as making the Intertie mode negatively damped.

'°1

Fig. 7. Spectrum of AC Intertie power
variations

Fig. 8 Model for sizing SMES unit,
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This technique was tested by using noise
spectra obtained with dc modulation out
of service to predict the spectra which
would
have
been
observed
with
modulation in service. These predictions
were compared to later measurements made
with modulation in service, with excellent results. Consequently, it appears
to be a highly accurate method for
determining the converter rating of the
SMES unit.
Figure 9 shows the effect of the SMES
unit on AC Intertie noise. Also shown
is the spectrum for the output of the
SMES unit. By Parseval's Thecrm the
area under the power spectrum of the
output of the SMES unit is its variance,
or standard deviation squared. Standard
deviations were calculated for a number
of noise spectra, obtained unaer a wide
range of operating conditions, and with
postulated changes in system dynamics.
Values ranged from 2.5 MW under normal
operating conditions, to 3.9 MW for
high system noise and assuming a negatively damped Intertie mode.
As a
result a 10 MW converter would provide
3-standard deviations for most system
conditions.
CONCLUSION
System
measurements
and operating
experience with dc modulation show that
a small special purpose SMES unit c o m a
provide danping for the western system.
Because the damping capability of dc
modulation would be lost in the event of
an outage of the DC Intertie, an alternate source of damping is desirable.

20

noise at compensator output,
with loop closed

1.0
FREQUENCY IN HERTZ

Fig. 9. Noise Spectra

Also such an application would provide
valuable information about the reliability and maintainability of superconducting equipment in a power system
environment.
While the primary purpose of SMES is
load-leveling, it is well suited to
control applications. Because stability
problems often impose serious operating
constraints, this capability can be
valuable. Early demonstration of the
control capabilities of SMES will add an
important dimension to the technology,
and may lead to the development of a
variety
of special-purpose
control
devices.
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HYBRID COMPUTER STUDY OF A SMES UNIT FOR
DAMPING POWER SYSTEM OSCILLATIONS
P.C. Krause and O.M. Triezenberg
Energy Systems Simulation Laboratory
School of Electrical Engineering
Purdue University

ABSTRACT
The work conducted at Purdue University regarding the use of SMES to damp oscillations in the BPA system is reported. This investigation was conducted in parallel with
work at LASL and BPA and serves as a verification of the work at BPA. In particular,
the dynamic characteristics of the BPA system were simulated on the hybrid computer
using the response obtained from the Chief Joseph Dynamic Brake test. The SMES unit was
simulated using information supplied by LASL. The compensator was simulated using the
design developed by BPA. The hybrid computer study illustrates the dynamic response of
the BPA system with the SMES unit in service for sinusoidal variations in AC Intertie
power and for random variations of AC Intertie loading.
INTRODUCTION
In mid 1977 an existing DOE contract
with Purdue University was extended to include an investigation of a possible application of SMES. In particular, the
study considered damping of power oscillations on the West Coast North-South AC
Intertie with an SMES unit and an AC to DC
converter. If this application proved to
be feasible, this inductor converter (IC)
unit could provide backup for the Pacific
HVDC Intertie which is presently being
modulated to damp the AC Intertie power
osci1lations.
Personnel from LASL, BPA and Purdue
University, with H.A. Peterson acting as
a consultant, were involved in this investigation. Important, to this study was
the background of BPA personnel who had
designed a modulation control for the
Pacific HVDC Intertie. Purdue's principal
role was to provide verification of tt e
work being conducted at BPA [1]. This was
to be accomplished from a hybrid computer
study of a simplified representation of
the western system. The results of this
study are recorded in this paper.
SYSTEM STUDIED
The system studied on the hybrid computer at Purdue University is shown in
block diagram form in Fig. 1. The IC unit
is represented from information received
264

from LASL, and the transfer functions G(s),
H(s), and C(s) from information provided
by BPA.
The IC unit is connected to the 230
kV Chief Joseph Substation through a 12.75
MVA transformer bank with 1 kV line-toline voltage on both secondary transformers (12 pulse converter). The inductance,
L, Is 2.4 H and the maximum inductor current, l (c , Is 5000 A. The commutating
reactance, X f , is 0.00784 ohms which is
10% of base impedance. The harmonics are
neglected in the representation of the
converter. That is, the output voltage of
the converter, V , Q , and the inductor or
output current, I\Q, are the average values of the actual variables. The IC unit
is equiped with an open-loop power control
which senses I|Q a p d calculates the necessary voltage, V r e f, to satisfy the desired or reference power, Pref. In this
case the reference power is zero whereupon the signal from the compensator, P c ,
determines the desired power. The reference voltage and the output current, are
used to calculate a control signal, e c ,
which establishs the firing angle of the
converter and thus V|r,. The power output
of the IC unit is denoted Pjr,. That is
the power consumed or supplied by the IC
unit at Chief Joseph Substation.

From information obtained as a result
of an 0.5 sec. application of the dynamic
brake at Chief Joseph, 6PA established the
transfer function between Chief Joseph
Substation injection and AC Intertie current magnitude [1]. This transfer function, which is given in [I], Is G(s) with
one exception; AC Intertie power P|f, Is
used rather than AC Intertte current.
Although not explained herein, this Is
accomplished by multiplying current In
amperes by 1.07 to obtain AC Intertie
power in HW.

where
R(x) = E{x(t)x(t-T)}
This random signal is generated by samples
of a random number generator held for 0.1
sec. each, with the variance of the random
number generator corresponding to (2.5

Fig. 1 Block diagram of BPA systemtransfer function approach

The transfer function H(s) provides
a means of modeling the semi-random power
oscillations recorded on the AC Intertie
Monitor. H(s) consists of three blocks in
series. The output, P^, is added to Pi-!-,
the output of G(s), to yield the AC Intertie power, Pjy. The input to the transfer function H(s) is a bandwidth limited
white noise with an average random power
of 0.25 (MW)2-second, uniform for frequencies in the range of 0 to 6 rad/sec.
Average random power for the signal x(t)
is here defined as

MW) 2 . Three sets of data for H(s) were
furnished by BPA corresponding to thrrc
different inertie loads; 1680, - 1'sC and
920 HW. The 1680 MW load (export) Is the
case considered In this study. For this
condition H(s) is
Function
15.6
s
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1.138
s

2
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formed with a linearized representation of
the converter, making the transfer ratio
of P | T ( S ) to P N ( S ) equal to H(s)/(l-C(s)
G(s)). From this analysis It was established that for a noise frequency of 2.29
rad/sec. (about 1/3 Hz) the ratio Pp (s)/
Pj-](s) has an amplitude of 2.1k. This frequency response calculation is verified in
fig. 2 wherein traces of P n (t), P fJ (O,
P| C (t), Pj T (t). P. T (t), P (t), V. (t), and
l )c (t) are given for P N ( t ) a 1/3 Hz sinusoid. In steady state the amplitude of
P N (t) is approximately 12 MW while the
steady state amplitude of P|T(t) is approximately 5 MW, a reduction by a factor
of 2.4.
Figures 3 and k show the system with
P n (t) represented as a "bandwidth limited
white noise" with S(w) = 0.25 MW 2 -sec,
uniform for w from 0 to about 6 rad/sec.
The same mode of operation is depicted in
both figures. The recording scale is expanded in Fig. k for the purpose of portraing the noise input. In all the studies
performed, the output of the compensator
P c did not exceed 10 MW and the converter
voltage, V| C , did not exceed 2.5 kV.
CONCLUSIONS
The material presented in this paper
provides a verification for analysis and
recommendations of BPA. Hence, the conclusions of [1]. are essentially the conslusions of this paper. Clearly, if the
transfer function between power at the
Chief Joseph Substation and the AC Intertie
and if the variations in the AC Intertie
power are as used in this study then, as
recommended by BPA, a 30 MJ 10 MW IC unit
(SMES) placed at Chief Joseph bus should
be sufficient to damp AC Intertie oscillations.
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be for a completely detailed engineering prototype demonstration of an electric utility diurnal load leveling
system.
Project Status: The conceptual engineering desiqn of the BPA SMES system
is complete. An engineering specification design for the
30-MJ superconducting coil will be complete by 10-1-78,
and an RFQ for fabrication design and actual coil fabrication will be issued within 60 days. The superconducting
wire for the entire 30-MJ coil and 50- and 100-m lengths
of prototype 5-kA superconducting cable are on order. The
SCRs and sinks for the converter are on order. An RFQ
for the converter fabrication will be issued soon.
An entirely new reference design for a 1-GWh diurnal load
leveling SMES unit is underway. Emphasis is being given
to a better understanding of the dewar, the dewar support
structure, rock mechanics, excavation details and costs,
stabilization of the excavation walls, and high purity
aluminum superconductor matrix costs.
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Department of Energy, Division of Energy Storage Systems
and Division of Electrical Energy Systems.
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ABSTRACT
Superconducting inductors provide a compact and efficient means of storing electrical energy without an intermediate conversion process. Energy storage inductors
are under development for diurnal load leveling and transmission line stabilization
in electric utility systems and for driving magnetic confinement and plasma heating
coils in fusion energy systems. Fluctuating electric power demands force the electric utility industry to have more installed generating capacity than the average
load requires. Energy storage can increase the utilization of base-load fossil and
nuclear power plants for electric utilities. Superconducting magnetic energy storage
(SMES) systems, which will store and deliver electrical energy for load leveling,
peak shaving, and the stabilization of electric utility networks are being developed. In the fusion area, inductive energy transfer and storage is also being developed by LASL. Both 1-ms fast-discharge theta-pinch and l-to-2-s slow tokamak energy
transfer systems have been demonstrated. The major components and the method of operation of a SMES unit are described, and potential applications of different size
SMES systems in electric power grids are presented. Results are given for a 1-GWh
reference design load-leveling unit, for a 30-MJ coil proposed stabilization unit,
and for tests with a small-scale, 100-kJ magnetic energy storage system. The results
of the fusion energy storage and transfer tests are also presented. The common technology base for the systems is discussed.
Energy storage units can be used to
meet the peak-power requirements and to
absorb excess available during periods of
low-power demand. To date, only pumpedhydro storage, with units up to 15,000
Mwh, has been used very effectively.1
Other energy storage technologies include
chemical storage in the form of batteries
and hydrogen, thermal storage, compressed
air storage, and magnetic storage.'-4
Economic considerations eliminate inertial storage in flywheels for utility
applications.

INTRODUCTION
The nondissipative dc-current carrying
capability and the low ac-current generated losses of a superconductor place the
design of high current inductors within
reach of useful application. Only in the
last 15 years has the superconducting
technology been sufficiently advanced to
make the applications covered in this paper become practical. Only more recently
has energy transfer within a few seconds
or less, into and out of a superconducting
energy storage coil been demonstrated.
Electric utilities experience periodic
load variations on a seasonal, weekly, and
daily basis. The daily maximum and minimum loads of a power company typically
differ by about a factor of two. The poor
load factor is an economic burden to the
utilities because their installed cr acity
must be capable of meeting the peak demand
and much of the generating capacity is
idle during periods of low demand. Inexpensive but inefficient units, such as
peaking gas turbines, are used to meet the
peak loads.
*Work done under the auspices of the DOE.

Superconducting magnetic energy
storage has several advantages. SMES
units will have fewer site restrictions.
Large SMES units can be constructed for
structural support in the rock formations
near most large load centers, and extensive new transmission systems will not be
required. SMES units will have a response characteristic of less than a cycle to power system demand, which can
improve power system stability. With a
high efficiency of 90% the energy is
stored electromagnetically without an
intermediate mechanical or chemical energy state. The cost for a large SMES unit
(10 GWh) is estimated to be about $30 to
$35/kWh.

272 -

The LASL and the University of Wisconsin (UW) are developing SMES systems for
electric utility applications.5>6 The
superconducting coils for these systems
range in size from small units a few meters in diameter and height, which will
store as litle as 30 MJ (8.3 kWh), up to
large installations several hundred meters
in diameter and height, which will store
as much as 10 GWh.
A technology development program for
pulsed superconducting energy storage systems for fusion applications has been underway at LASL since 1968. Both hightheta-pinch? and low-3 tokamak ohmicheating°~l" systems will need nondissipative energy storage to achieve over-all
power balance. Liners, Z-pinches, lasers,
and pulsed electron beam machines are examples of fusion devices which require
large, fast energy delivery systems. The
toroidal Reference Theta-Pinch Reactor
(RTPR) would require about 60 GJ delivered
in 30 ms, the linear theta-pinch fusionfission hybrid reactor needs about 25 GJ
in 2 m s , H and a liner reactor may require about 10 GJ in 1 ms. The ohmicheating coils in present US designs of
tokamak experimental power reactors have
about 1-2 GJ of stored energy, and the
storage currents must be reversed in 0.5
to 2 s to induce plasma current.12-16
Feasibility experiments for Magnetic
Energy Transfer and Storage (METS) systems
with 1-ms discharge from 300-kJ to 540-kJ
superconducting coils have been successfully demonstrated for delivery of energy
to an adiabatic theta-pinch plasma compression coil for fusion.1? Pulsed energy simulation of both the tokamak plasma
ohmic-heating and burn cycles has also
been demonstrated with a superconducting
energy storage coil and a dc-commutated
mechanical capacitor.18

cycle, the converter rectifies ac power
to dc for charging the coil. Stored energy is returned to the utility bus for
peak-load demands by operating the converter as an inverter. Commercially
available thyristors are used as the
switching elements in converters. Fig. 1
shows the SMES system components in block
diagram.
A full-wave Graetz bridge, as shown
in Fig. 2, is the fundamental building
block of a line-commutated converter.
Phase-angle control of the thyristors in
the converter determines the dc-output
voltage. Such a converter requires reactive power from the ac bus during both
modes of converter operation. A reactive
power compensation network, such as a
capacitor bank, a synchronous condenser,
or a static, reactive-power controlling
device is needed to provide power factor
correction.
SMES APPLICATIONS IN ELECTRIC
UTILITY SYSTEMS
The types of energy storage systems
for the utilities may be separated according to the duration of the load variation. On a seasonal basis the utilities
typically use some form of fuel storage
to meet the winter or summer peak load.
The daily and weekly load variations are
met by pumped-hydro storage, gas turbines, and old, inefficient fossil-fired
power plants. At present, the short-term
load variations are met by adjusting the
power output of one or more power plants
on the system. Each of these short-term
load variations is discussed below, and a
SMES unit which might meet their power
and energy requirements is described.
LOAD LEVELING
Power demands are generally met by a
combination of three or more types of
power generation, including the base load
generation consisting of the more efficient fossil fueled or nuclear power
plants; the intermediate load generation
(midr^ige peaking), consisting of older,
smaller, less efficient fossil-fueled
plants anu energy storage units; and the
peak-load generation,'consisting mainly
of gas turbines and energy storage
units. A representative weekly load
curve, which is for the Michigan Electric
Coordinated Systems is shown in Fig.

SUPERCONDUCTING MAGNETIC ENERGY
STORAGE SYSTEM DESCRIPTION
The SMES coil is immersed in a liquid
helium bath in a dewar, which keeps it
superconducting at a temperature below 4.5
K. A closed-cycle refrigeration system
cools and liquifies the boiloff helium gas
and returns it to the liquid bath. For
economic reasons, the inductor is a short
solenoid, a coil with a ratio of height to
diameter of about 1/3. A transformer and
a converter connect it to a 3-phase utility bus and regulate the power flow. During the charge phase of the energy storage
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Fig. 1. Components of a superconducting magnetic energy storage system.
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Fig. 3. Typical weekly load distribution for an electric utility.
the magnetic fields in the vicinity of a
SMES unit. It is possible to store large
amounts of energy in a relatively small
volume because superconductors allow high
magnetic fields. For example, the
Ludington plant occupies about 10
(km)2. The equivalent SMES unit would
require only 1.5 (km)29 including all
the land area within a shield coil.

A SMES unit with the same capacity as
the pumped-storage unit in Ludington, MI,
which has a storage capacity of 15 GWh and
a power capacity of 2076 MW, would be a
solenoid about 340-m diam and 1146 m high.
Whereas Ludington cost
$351 x 10 in
1973 (or $503 x 10 6 in 1978 based on 7%
per year inflation), the estimated cost of
an 6 equivalent SMES unit is about $480 x
10 .

SYSTEM STABILITY AMD SHORT-TERM LOAD
VARIATIONS

The superconducting coil could be constructed several hundred meters underground in solid rock, which acts as a
structural material to contain Lhe magnetic forces on the coil. For a 10-GWh unit
a shield coil with a radius of about four
times that of the main coil would be constructed just below ground level to reduce

The output of power generation
plants must be adjusted to balance random
and periodic load variations, such as
those caused by steel rolling mills, arc
furnaces, etc. An energy storage unit
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Table 1. Design Parameters of a 30-MJ
SMES System Stabilizing Unit

capable of leveling these short-term power
variations would be of great value to a
utility. The SMES units for diurnal load
leveling might have a converter capacity
of 1000 to 2000 MW. As the response time
of the converter to a power demand is less
than a cycle, it will be possible to meet
these short-term power demands by varying
the power in the converter by a few percent. This particular function could also
be satisfied by a small SMES unit that
stored only 100 to 500 MJ which had a converter capable of delivering only 20 to 50
MW.

Maximum power capcity
10
Operating frequency
0.35
Energy exchange
9.10
30
Maximum stored energy
4.9
Coil current at full charge
2.8
Maximum field at full charge
Maximum coil terminal voltage 2.2
4.5
Coil operating temperature
Coil lifetime
150
Heat load at 4.5 K
2.5
Inductance
1.5
Mean coil radius
1.2
Coil height
Winding thickness
0.42

Occasionally, load variations and the
subsequent generation response cause an
electrical power system to become unstable. System instabilities can be avoided
by limiting the load variation, by changing the electrical characteristics of
transmission lines, by reducing the time
response of the generation plants, and/or
by providing system damping. One specific
location where an energy storage device
might improve the stability of a power
system is on the intertie between the
Pacific Northwest and southern California. Two ac lines and one dc line transmit power along this corridor. Under
certain conditions an instability arises
on the ac line. 20 This instability has
been overcome by installing a feedback
system that controls the converter power
at the northern terminal of the dc line,
thereby damping the power oscillation on
the ac line. This solution is not completely satisfactory as the power flow on
the ac line depends on the dc line working
properly. If the dc line fails, the power
flow on the ac line should increase to
take up the load, rather than decrease
because of reduced stability.

MW

Hz
MJ
MJ
kA
T
kV
K
W
H
m
m
m

Spinning Reserve. The electric power
utilities are required to have a minimum
spinning reserve capacity which amounts
to about 10% of the load or 1.1 times the
largest generation unit on line. Additional converter capcity on a large SMES
unit may substitute for the spinning reserve. During the periods of low-power
demand, spinning reserve on the system is
achieved through the ability of the converter to change from charge to partial
charge or discharge in less than one
cycle. During the times when the unit is
neither charging nor discharging, the
SMES unit will be a substitute for spinning reserve. During the longer periods
of high-power demand the capacity of the
unit will normally only be used at a
fraction of the maximum converter capacity. The excess discharge capacity of
the system may then take the place of the
spinning reserve for the utility system.
A 1-GWh SMES SYSTEM DESIGN
The LASL is developing a reference
design for a 1 -GWh SMES unit for diurnal
load leveling, One of the major purposes
of a reference design is to provide a
starting point for detailed engineering
designs. Some of the parameters of this
unit are given in Table 2.

A small SMES unit, storing 30 MJ and
having a 10-MW converter, could damp the
oscillations which occur at a frequency of
about 0.35 Hz. The fast response of a
SMES unit should improve system stability
and provide for spinning reserve^! (discussed below). Table I shows the major
design parameters for the 30-MJ stabilizing unit. Analysis of the Bonnevi^e
Power Administration system by P. C.
Krause at Purdue University has recently
confirmed the earlier work of Cresap and
coworkers at BPA.setting the energy storage, power rating, and control behavior of
such a system. Much of the technology
base for the 30-MJ coil has been established as a part of the fusion program
pulsed inductive energy storage work.

ENERGY STORAGE COIL AND SUPPORT STRUCTURE
The coil is a thin-walled, 132-mdiam, 44-m-high solenoid as shown in Fig.
4. The size and shape are the result of
a cost optimization and the dimensions
are determined by the maximum field.
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Table 2. SMES 1-GWh Reference Design Energy Storage Coil Specifications
Energy stored at full charge
3.96 x 10 1 2 J (1.10 GWh)
Energy stored at end of discharge
3.36 x 10 1 1 (0.1 GWh)
Current at full charge
50 kA
Current at end of discharge
15 kA
Maximum power output or input
250 MW
Terminal voltage "to provide P m a x at end
of discharge
16.7 kV
Inductance
3.17 kH
Maximum field at conductor at full charge
4.5 T
Operating temperature
1.85 K
Mean coil radius
66 m
Coil height
44 m
Coil radial thickness
0.30 m

allowable stress in the conductor, about
70 MPa (10,000 psi), then they are transmitted through struts to the rock, the
coil is placed below the surface of the
earth where the compressive stresses in
the rock can be used to offset the magnetic loads of the coil.
CONDUCTOR
Superconductor for a SMES coil must
be reliable (this includes but is not
limited to stability considerations),
must cost as little as possible, must be
capable of being fabricated with existing
techniques or extensions of those techniques, and must be flexible enough to be
wound into a coil in a 3-m-wide tunnel.

Fig. 4. Artist's concept of large SMES unit constructed underground.
The magnetic forces must be contained
by rock to reduce the cost of the system.
If stainless steel bands were used in a
SMES coil, their cost alone would far exceed the cost of other types of storage
systems. A set of struts and rods is required to transmit the forces from the
coil at 1.8 K to the rock at about 300 K.
The stresses and deflections associated
with the thermally induced contraction of
the coil during cooldown and the magnetic
(Lorentz) forces on the conductor are
taken up by a short length curvature in
the dewar and conductor repeated on about
l-to-2-m centers. Axial loads are allowed to accumulate until they reach the

Operation at 1.8 K rather than at 4
to 6 K and the use of NbTi rather than
Nb3Sn keep the total system cost low.
The use of high purity aluminum instead
of copper as the current stabilizer is
less costly and reduces the size of the
conductor. A 1-GWh SMES unit is estimated to cost about $80 million or $80/kWh.
To fabricate the conductor with existing techniques, a design has been chosen in which the NbTi is extruded in copper and the aluminum is added in subsequent fabrication steps. To meet the
flexibility criterion, a conductor design
is considered in which several insulated
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subconductors are in parallel electrically
and are cabled to reduce hysteretic losses.
CONVERTER
Line-commutated, solid-state converters are used extensively in high-voltage,
dc-power transmission. In comparison,
converters for large SMES systems will
have medium to high voltage and current
ratings. A 1-GWh energy storage capacity
and a 4-h charging or discharging period
will require a power of 250 MW. Because
of the purely inductive load and the requirement that the maximum power be available at all operating currents, the maximum voltage and maximum current do not
occur at the same time. Thus, the converter has to be designed for a power
greater than the maximum power flow ever
expected through the converter. For the
1-GWh unit the voltage rating is 16.7 kV
and the current rating is 50 kA.

Figure 5 shows one possible circuit
configuration of a converter. To reduce
the reactive power requirement, the converter is designed as a series connection
of four 12-pulse modules each with its
own power transformer. Each module is
designed for 4.5 kV and consists of two
6-pulse bridges connected in parallel by
an interphase reactor which balances the
current flow in the two bridges. Two
modules have a current rating of 50 kA,
and the two remaining modules have a current rating of 30 kA and 20 kA. At maximum coil current, each 6-pulse bridge
will provide 25 kA dc. Each 12-pulse
module can be bypassed by a mechanical
switch when the module voltage is zero,
and then the module can be disconnected
from the 3-phase bus. This improves the
overall converter efficiency by removing
the forward voltage drop of at least four
series-connected thyristors.
The installed converter power rating
and the converter cost can be decreased
by designing those modules which are

Phase-controlled converters generate
harmonics and absorb reactive power.
3-PHASE BUS

1

AC SWITCH
TRANSFORMER

6-PULSE
BRIDGE
INTERPHASE
REACTOR
DC SWITCH
SUPERCONDUCTING
MAGNET

Fig. 5. Four series connected 12-pulse converter modules forming a converter.
Advanced converter circuits are used to
minimize these unwanted effects. The harmonic content of the ac-line current is
reduced by using 12-pulse or 24-pulse modules. Tuned filter networks can remove
the remaining harmonics. The reactive
power requirement can be reduced by subdividing the converter into several series
connected modules. During operation, the
phase-delay angles of all but one module
are kept at 0°. That one module has a
phase-delay angle that depends on the
voltage requirement. All those converter
modules at 0° require only a small amount
of reactive power caused by commutation.
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switched out of the circuit first (i.e.
at a low current) for the current at
which they are switched off, rather than
for maximum current. Theoretically, if
there were an infinite number of converter modules, the converter could be
designed for a rating

Pmaxtl + 1"

( W W

SMALL-SCALE SMES SYSTEM TEST
A small scale system, which included
all the components shown in Fig. 1 except
the refrigerator, was tested to evaluate
the electrical
characteristics of a SMES
unit. 22 The system contained a 70-H
superconducting coil built by stacking

Reactor (SFTR), 23 for adiabatic compression of a fusion
plasma. A design
optimization study2** for the METS system'5 led to modular energy storage
coils of approximately 400-kJ size.
These were to be charged in series and
discharged in parallel for nearly 10055
efficient energy transfer.

eight 3000-turn coils in series. The
quench current above which the 70-H coil
lost its superconducting property was
45 A. A 12-pulse, solid-state converter
and a power transformer with a 6-phase
secondary winding interfaced the coil to
the 3-phase laboratory bus. The maximum
converter output voltage used in the experiment was 150 V. The control system
for the model SMES unit was designed with
all the features necessary for the automatic operation of a large SMES unit on
the utility bus.

The theta-pinch, METS system is
characterized by the resonant circuit of
Fig. 7. Coil charging is accomplished
with a shunt switch external to the
dewar. Discharge is initiated by opening
the shunt followed by opening of the HVDC
interrupter, B. The interrupter is counterpulsed to extinguish the arc by a current from the transfer capacitor, Ct,
which has been back charged. Current
then transfers to the compression coil
with a peak voltage across the circuit
developing at one-half the transfer
period. The energy is then trapped in
the compression coil by closing the ignitron crowbar, IGcg, for the fusion

The total system was tested with different power demands. The transition time
for rectifier-inverter and inverterrectifier switching was measured to be 5
to 6 ms. Figure 6 shows the coil current,
coil voltage, and coil power for random
power demand. Because of the fast time
response of the converter, the coil power
followed the power demand closely. The
response to sinusoidal power demands was
measured at frequencies up to 30 Hz.

10
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Fig. 6. Coil voltage, current, and power response
to a random power demand signal (L=33H).
Mo control system instabilities were observed during the experiments with a superconducting coil.

burn cycle to be completed during the
250-ms L/R decay constant of the loop.

INDUCTIVE ENERGY STORAGE FOR FUSION
THETA-PINCH MAGNETIC ENERGY TRANSFER AND
STORAGE (METST
The
tem was
ms to a
system,

METS inductive energy storage sysdeveloped to deliver 488 MJ in 0.7
40-m radius toroidal theta-pinch
called the Scyllac Fusion Test
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The parameters for the METS coils made by
LASL and Westinghouse are listed in Table
3. The LASL coil tested successfully to
12.5 kA and 386 kj of energy stored. It
was pulse tested at 10 kA and 35 kV and
with transfer times as short as 1 ms in
an L-C-L circuit as shown in Fig. 7.
The Westinghouse coil 26 w a s
operated with pulsed energy transfer at

300 M SUPERCONDUCTING
STORAGE COIl

IGCP

1

SHUNT
SWITCH

AUAIATIC PtASMA
' COMPRESSION COIl

m i

COUNTERPULSE

J

•OWBISUPPIY

Fig. 7. Prototype SFTR-METS circuit.
Table 3. Parameters of 300-kJ Energy
Storage Coils
Inductance, mH
Resistance at 20 C, fi
Stored energy at 10 KA, kJ
Length, cm
Mean radius, cm
Winding thickness, cm
Number of turns
Number of layers
Central field at 10 kA, T
Conductor support method
Matrix ratio, Cu:NbT1
Wire diameter, mm
Filament diameter, m
Number of filaments/wire
Wire twist pitch, crrr1
Number of active wires
in cable
Type of transposition
Cable width, cm
Cable thickness, cm

LAST
4.87
0.0896
244
73.0
28.7
0.508
122.5
1
1.82
self
6:1
32.3
2640
0.13

WH~~
6.05
0.165
302
79.1
25.5
4.74
159.5
4
2.23
grooves
2.5:1
0.813
18
529
1.42

TOKAMAK OHMIC-HEATING AND BURN CYCLE
SIMULATION
The Westinghouse-METS coil was also
used to demonstrate the use of superconducting magnetic energy storage in a simulated tokamak ohmic-heating and burn
cycle.18 This performance, although
much more demanding tha.i that required
for the 30-MJ SMES unit intended for the
BPA system, established the feasibility
for the extension of the METS technology
for transmission line stabilization units.

Figure 8 gives the circuit used for
bipolar operation of the coil in conjunction with a commutated dc generator acting as a mechanical capacitor. Figure 9
shows the oscilloscope trace of the experimental current. The storage coil was
first charged to -12 kA with a continuous
1
72
duty dc homopolar and then oscillated
none
Roebel
through zero current to near +5 kA by
1.016 1.69
connecting it in parallel with the dc
0.508 0.84
generator. The damped half sinusoidal
energy transfer corresponds to the energy
change expected to occur in plasma heatthe 300-kJ level for 50 cycles. This was
ing in a tokamak. After this bipolar
at the nominal design level of 10 kA and
operation, the rectifier bank (power sup2.23-T central field on the winding. The
ply) was connected across the coil to
energy transfer period was 2.4 ms. The
coil was then charged to 13.4 kA and 2.99 T charge it to +12 kA. This corresponds to
for a stored energy of 0.54 MJ. This energy the burn phase of the tokamak cycle. The
was pulsed from the coil with transfer volt- entire cycle can then be repeated; howages near 40 kV. A fast transfer at reduced ever, the test of Fig. 9 was concluded in
energy with a 1-ms time safely reached 58 kV. the damped oscillation caused by a dissipative resistance of the coil, dcThe coil has been run in a subsequent test
generator parallel loop.
to 14.1 kA and a field of 3.1 T with 0.6-MJ
stored energy.
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Fig. 8. Circuit for operation of the Westinghouse-METS
coil in a tokamak ohmic-heating cycle.

Fig. 9. Oscilloscope trace of current versus time
of the experimental tokamak ohmic-heating cycle.
CONCLUSIONS
Superconducting magnetic energy storage units should prove to be effective
components of electric power systems.
These devices can be used for load leveling and peak shaving, can satisfy spinning
reserve requirements, and can improve system stability. The fast time response of
the control system will allow a fairly
small SMES unit to damp oscillations on
power systems.
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SUPERCONDUCTING MAGNETIC ENERGY
STORAGE FOR POWER SYSTEM
STABILITY APPLICATIONS

C. R. Chowaniec and P. H. Stiller
Westinghouse Electric Corporation
700 Braddock Avenue
East Pittsburgh, PA 15112

ABSTRACT
Superconducting magnetic energy storage (SMES) devices are characterized in terms
of reasonable power and total energy ratings as well as other pertinent specifications.
The objective of this investigation was to seek possible applications for small SMES
devices in power systems, particularly as stability aids. Small SMES devices are those
which are not large enough to be practical as bulk energy storage units. The suitability of the SMES device as an aid to maintaining powar system stability is discussed
in light of the anticipated capabilities of the device. Possible application of the
SMES device as a guard against subsynchronous resonance is also considered.
INTRODUCTION
Huge superconducting magnets have
been proposed in recent years as an
energy storage device for diurnal load
levelling on electric power systems. The
much smaller 30-megajoule magnet; now in
the conceptual design phase at Los Alamos
Laboratories, represents a logical step
in the development of superconducting
technology for power system applicat ions.
The 30-megajoule superconducting magnet
energy storage (SMES) system is intended
for use in improving power system stability. Its characteristics are summarized in Table 1.
Prior to the past ten years, stability concerns for power systems were
primarily related to maintaining the
generation of a system in synchronism.
Acceptable stability performance was
generally achieved without much difficulty. As power systems expanded, the
extensive use of interconnection between
systems together with an increasing
dependence on firm power flow over these
lines has renewed the concern of power
system stability. The consequences of
instability were most dramatically exhibited by the 1965 Northeast power failure.
The generators on a power system,
which are connected by the transmission

network, must operate in synchronism.
Loss of synchronism occurs when the
angular difference between the rotors of
two generators or groups of generators
exceeds a certain value (nominally 90°).
Although the generating unit controls do
influence the stability of the system, it
is the transmission network which produces
the angular differences between machines.
For this reason, the main emphasis in the
study of stability has historically been
on the transmission network.
System instability can generally be
classified in one of three categories steady-state, transient, and dynamic. Of
these three categories, stead/-state instability is the least probably to be
experienced. Thus, only transient and
dynamic instability were considered in
attempting to find applications for the
30-MJ SMES unit. Another phenomenon which
can occur on certain systems is undamped
subharmonic osci1lation. Although it is
not a stability problem in the strictest
sense, it can damage equipment nonetheless.
Therefore, the potential application of
SMES units to eliminate subsynchronous
resonances was also considered.

TABLE 1. CHARACTERISTICS OF A TYPICAL
SMALL SMES UNIT

These oscillations often damp out
when excited., however it is sometimes
possible for the oscillations to be negatively damped. Negative damping arises
primarily from the induction generator
effect of the generator at subsynchronous
frequencies. Electromechanical interactions will cause pulsating torques which
may excite torsional natural frequencies.
The result can be severe damage to the
turbine generator.

Maximum Power
10 MW
Operating Frequency
0.35 Hz
Energy Interchange
9.1 MJ (2.53 KWH)
(based on 1/2 cycle)
Maximum Stored Energy
30 MJ (8.4 KWH)
Life
10 7 Cycles
Maximum \l^c
2.18 kV
Maximum lc|c
5 KA
Inductance
2.k H
Diameter of Coi1
2.7 M
Height of Coil
0.86 M
Losses
Conductor
Structure

58.7 W
50. W

Cost of Prototype

$3-5 Million

A simple model of subsynchronous
resonance is depicted in Figure 1. The
subharmonic natural frequency is given by
the equation:

fssr - fc
where f is the power frequency, x is
the reactance of the series capacitor, and
x) is the total series reactance of the
system. This determines the slip of the
generator, s, which is negative since f s s r
< f o . Thus we see that RR/S in Figure 1
is negative. If this negative resistance
is not offset by other resistances in the
network, spontaneous oscillations may
occur and continue to increase in magnitude. Frequencies typically range from
20 to 55 Hz.

SUBSYNCHRONOUS RESONANCE
When the synchronous machines of a
power system are coupled together by very
long transmission lines, series capacitors are used to compensate for the line
inductance and reduce the net impedance.
Although this increases the amount of
power which can be transmitted over the
lines, it also results in a natural frequency below the fundamental 60-Hertz
power frequency.

SERIES COMPENSATED
TRANSMISSION LINE

INFINITE
SOURCE

GENERATOR

FiGur:i.
SIMPLE MODEL TO ANALYZE SUBSYNCHD. 'U~» RESONANCE
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Subsynchronous resonance has occured in
the West on several occasions. Two rotor
shaft failures at the Mohave Plant in
1970 and 1971 were apparently caused by
subsynchronous resonance.
The following approaches have been
taken in order to alleviate subsynchronous resonance problems:
1) Blocking filters
2) Temporary shunting of series
capaci tors
3) Reduce amortisseur resistance
Blocking filters include static,
high-Q. filters with supplemental exciter
control for additional torsional damping
and dynamic filters, applied either In
series or shunt, which are modulated to
resonate with the electrical circuit but
180° out of phase with the subsynchronous
resonance.
By shorting out the series capacitors
as oscillations begin to grow, the resonating circuit is eliminated and the
oscillation will quickly diminish. The
series capacitors can then be reinserted.
The obvious problem is that the series
compensation may not be available when
the additional power transfer it affords
is required.
Reduced amortisseur winding resistance reduces the tendency for selfexcited osci 1 lat ion by reducing the magnitude of the negative rotor resistance, R R .
This will, however, reduce the damping
under large siips.
Returning briefly to the dynamic
filters, a shunt inductive reactance,
appropriately modulated, will create a
parallel resonant circuit which can
actively cancel subsynchronous resonant
conditions. The device is essentiaiiy a
static VAR generator with additional controls and without capacitors. The inductance element and power switching equipment is sure to be less expensive than
the superconducting magnet and its converter. A point to be made here is that
a simple 1ine-commutated inverter is
probably not usable in a SMES system for
this application. Furthermore, the frequencies involved are much higher than
those considered in the conceptual design
of the 30-MJ unit. In summary, it appears
that subsynchronous resonant systems do
not present a very viable application of
superconducting magnet energy storage
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systems of the type described in Table 1.
TRANSIENT STABILITY
Transient instability represents the
greatest concern, as it can occur on any
system as the result of a major disturbance such as a transmission line fault or
the tripping of a loaded generator. Transient stability analysis is primarily
concerned with the effect of transmission
line faults on generator synchronization.
If the remaining transmission is adequate
and the speed and angle variations at the
time the fault is cleared are limited, the
system is likely to settle into a new
steady-state equilibrium. Loss of synchronism as a result of transient disturbances will generally occur in the first
few seconds following the initial disturbance, however system alternations resulting from the transient may precipitate subsequent steady-state or dynamic instability which would also result in system
col lapse.
The time period involved in most
transient stability analyses is relatively
short (generally about 1 second or less).
It is primarily concerned with the response of a single unit or plant to a
contingency disruption. Because of the
short time period involved, governor response is usually not important although
exciter response (especially with high
response excitation) may play a significant role in maintaining synchronism with
the system.
Figure 2 illustrates somewhat of a
worst-case transient stability situation;
that is, a generating unit connected to
the system via a single, long transmission
line. Before a fault occurs, the system

.PIN

INFINITE BUS
-BREAKERS OPEN AND
RECLOSE AFTER 4t SECONDS
FIGURE 2.
WORST-CASE TRANSIENT STABILITY SITUATION

is in equilibrium and the input power, Pin
is transmitted over the line with a resulting phase angle of 6 between the"generator and infinite bus.° If the line is
suddenly opened, the power generated can
no longer be transmitted and is used to
accelerate the rotor instead. If the line
is reclosed in time, the unit will decelerate and gain a stable operating
point after a few well-damped swings. If
too much time elapses, synchronism is lost.
The determination of ultimate system stability after major disturbances can be
determined using the "equal-area criterion" depicted in Figure 3.

LINE POWER vs. PHASE ANGLE
. LINE CLOSED

30

60

90

120

150

180

ANGLE - DEGREES
FIGURE 3.
EQUAL - AREA" CRITERION

By driving the exciter to ceiling, it
is possible to maximize the amount of power
transmitted over remaining transmission
lines. One problem with the use of highrespo-ise excitation is its tendency to
aggravate dynamic instability problems.
Fast vaiving serves to reroute the flow of
much of the steam flow around the turbine,
thereby eliminating accelerating power,
but resets slowly. Both high-speed breakers and single-pole tripping minimize the
disturbance, the first by re-establishing
circuits as quickly as possible while the
other maintains power transfer (unbalanced)
over the remaining phases. Braking resistors inserted during a fault create an
artificial local load, thereby limiting
the angular accelerator and increase in
rotor angle. Series capacitors inserted
into remaining circuits when a circuit is
taken out of service by a fault increase
the power transfer capability in those
lines, again limiting the acceleration of
the rotor.
The SMES unit, when used as a transient stability aid, would operate in a
way similar to the braking resistor. Excess energy resulting from the sudden loss
of transmission capacity would be absorbed
by the magnet, thereby limiting the angular excursion of the rotor from its steadystate operating point. The SMES unit
would have the added advantage of providing active damping of subsequent swings
after the fault is cleared. In order to
be effective as a transient stability aid,
however, the SMES unit must first meet
certain energy storage and power ratings.
Both of these ratings will typically be
well over an order of magnitude greater
than those provided in the conceptual
design of the 30-MJ SMES unit, with inherent cost penalties. In view of these
requirements (particularly power rating)
and compared to the alternatives, the
application of SMES units for transient
stability appears impractical.
DYNAMIC STABILITY

Several methods of ensuring transient
stability have been applied. They include:
1) Fast Response Excitation
2) Fast tfalving
3) High-Speed Reclosing Breakers
k) Independent Pole Operation of
Breakers
5) Braking Resistors
6) Series capacitor Insertion

2B7

Some interconnected systems exhibit a
tendency toward dynamic instability in
which negatively damped power oscillations
can lead to the ultimate breakup of the
power system. Although there has been no
evidence of dynamic instability in the
eastern connections to date, the problem
has been shown to exist in portions of the
West, Midwest, and Canada.

The time intervals involved in
dynamic stability calculations are much
larger than for transient stability.
Oscillat.on frequencies ranging from a
fraction of a Hertz to a few cycles per
minute are common. In studying the dynamic stability of a system, the concern
often relates to oscillation modes involving large groups of machines. The interaction of automatic voltage regulator,
exciter, and speed governor controls is an
essential part of such analyses.
The most commonly employed measure
for combatting dynamic instability is the
power system stabilizer. This device is
quite inexpensive and has been proven
effective in eliminating or reducing the
occurrence of spontaneous dynamic oscillations. It also improves the damping of
oscillations subsequent to transient disturbances. The power system stabilizer
provides a supplemental leading frequency
feedback signal to the exciter through
the automatic voltage regulator which
compensates for lags inherent in other
portions of the control system. Although
the power system stabilizer has been sufficient in overcoming problems of dynamic
stability encountered in the past, it is
not as effective at very low frequencies
of oscillation or for high system angle
operation (heavy tieline loading).
Another approach is to simply reduce
the gain of the automatic voltage regulator, however this tends to sacrifice the
performance of the particular unit under
transient conditions.
The advantages of dc transmission
lines in improving ac system stability
have been recognized and these capabilities have been incorporated into the controls of existing dc lines. There, they
have demonstrated the ability of the dc
line to damp out oscillations by properly
modulating the power flow over the dc line
and to improve transient stability by
rapidly changing the dc line loading. To
date, however, the installation of dc
lines has been justified on the basis of
considerations other than improved stability characteristics. But the factors
which contribute to the economic feasibility of dc lines (particularly long distances) are often the same factors which
cause a dynamic stability problem. The
"fringe benefit" of improved stability
might arise naturally with the expansion
of systems in which SMES units might be
employed for system stability applications.
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Utilities which contend with this problem are characterized by load centers
which are widely separated and are supplied
by remote generation with longer angular
displacements relative to local generation,
long transmission lines connecting the
loads and generating stations are a common
feature. The large angular differences
in the generators which are required to
transmit power over these long lines result in reduced line capacity and low natural frequencies which are poorly (or possibly negatively) damped. Slight speed
variations which occur continuously under
normal operation excite oscillations in
rotor angle and generator load. If the
system damping of these oscillations is
negative, the oscillation will increase in
magnitude until it is limited by nonlinearities inherenet in equipment or continue to the point that synchronism will
be lost if no remedial action is taken.
The 30 MJ SMES unit described in Table
1 is appropriately sized for dynamic oscillation dampirg applications and would be
operated in a manner very similar to dc
transmission where power system stabilizers
provide insufficient damping in lieu of ac
or dc transmission line additions. There
are some problems, however. First, the
number of applications where a 30 MJ unit
could be justified to increase dynamic
stability limits will be quite limited (at
least at the present time). Second, the
amount of energy passed through the device
over a given time period will be relatively small. When this is considered along
with the relatively small inductance (2.k
Henries), one must seriously question the
need for a superconducting coil for this
application.
CONCLUSIONS
Superconducting magnet energy storage
is not likely as an economic solution to
power system stability problems except in
very special cases. The 30 MJ SMES units
considered, when applied for power system
stability, will give important operating
experience for superconducting bulk energy
storage.
The primary applications of superconducting magnet energy storage will probably be in the area of energy storage;
therefore, applications should be sought
for early demonstration of the technology
in this area. When SMES units are used
for the purpose of bulk energy storage
the stability improvements (transient and

dynamic) discussed in this paper will be
an additional asset realized by the SMES
unit.
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UNDERGROUND PUMPED HYDRO STORAGE - AN OVERVIEW

S.W. Tain, C.A, Blomquist, G.T. Kartsounes
Energy and Environmental Systems Division
Argonne National Laboratory
9700 South Cass Avenue
Argonne, Illinois 60439

ABSTRACT
This paper reviews the status of Underground Pumped Hydro Storage (UPHS) for electric utility peaking and energy storage applications. The salient features of major recent studies are reviewed. Turbomachinery options and advances in high-head pump/turbines
are discussed. The effect of head, capacity, turbomachinery unit size and type, and other
performance variables on the cost of a UPHS plant are presented. Market potential, siting
criteria, lower reservoir construction, and geological related issues are addressed. The
environmental impact of a UPHS plant is reduced from comparable facilities, and these
issues and other safety concerns are presented. UPHS is an economically viable scheme
for energy storage and peaking applications, where considerable savings in premium fuels
are achievable by the replacement of combustion gas turbines. The technology for UPHS is
available, but additional research and development is required for high-head turbomachinery, motor/generators, cavern geology, and system optimization.
INTRODUCTION
THE NEED FOR ENERGY STORAGE
Electric utilities face large variations in the daily electric power demand.
During periods of relatively staady demand,
power is generally provided by nuclear or
coal-fdred base-load plants, which are economical to operate. For peak load periods,
gas turbine driven generators are used.
They are fast responding, easy to maintain
and operate, but they have relatively low
efficiencies and burn premium fuel (oil or
natural gas). These undesirable characteristics provide the incentive to seek alternate energy technologies for peaking application.
During periods of low demand (usually
at night), bar.,e-load plants operate at reduced capacity. If they are operated at
full-capacity during these periods, the
extra energy generated could be stored provided viable energy storage schemes are
available. The stored energy would then
be available to meet (at least partially)
the peak demands, and thus, reduce the reliance on premium-fuel fired units.
Solar energy (direct and indirect)
requires storage because its availability
usually cannot be assured. Depending on
the scale of power generation (residential,
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community, or utility-size), there is a
wide range of viable energy storage technologies available.1* This storage is somewhat different from the peaking application
discussed previously.
UNDERGROUND PUMPED HYDRO STORAGE
One energy storage scheme that has
long been utilized for peak power generation by the electric utilities is surface
pumped hydro storage (SPHS). In this
scheme (Fig. 1) idle base plant capacity
is utilized to pump water from a lower
reservoir to an upper reservoir during offpeak hours. During the peak demand period,
power is fed into the power grid by letting
the water run down to the lower reservoir.
In this way, the stored potential energy
of the water is converted into kinetic
energy which is utilized to run a hydroturbine coupled to a generator.
SPHS has been in the U.S. since 1953
when the U.S. Bureau of Reclamation installed a 9 MW unit at Flatiron.9 Today
many systems are operational. However, a
SPHS system requires a suitable site for
the upper-level reservoir located at sufficient elevation in the vicinity of the

lower reservoir and also at a reasonable
distance from the load center concerned.
Sites with such characteristics are being
rapidly depleted today within the U.S.
The concept of underground pumped hydro
storage (UPHS) is designed to minimize
these siting and transmission difficulties
while still fulfilling the primary mission
of generating peak power for the electric
utility grid.

through the penstock shaft, and the lower
cavern is vented to the atmosphere through
the vent shaft.

UPPER RESERVOIR

GROUND LEVEL
MNTAKE
ACCESS, VENTILATION AND CABLE SHAFT

CONVENTIONAL PUMPED HYDRO
^
- INTAKE

PENSTOCK SHAFT

VENTILATION''
SHAFT

SURGE TANK

LOWER RESERVOIR

Fig. 2.

FOWERSTATION-

UPHS Single-Drop Scheme

UNOERGROUND PUMPED HYDRO

Fig. 1.

SERVICE BUILDING

Pumped Storage Schemes

Conceptually, UPHS (Fig. 1) is very
similar to SPHS, and, similarly, does not
require premium fuel. The major difference
from SPHS is that the upper reservoir for
UPHS is at ground-level while the lower
reservoir (an excavated cavern in general)
is located underground. This important
feature results in the advantages of siting
flexibility and reduced transmission costs
and retains the good system reliability and
availability characteristics of SPHS.

GROUND LEVEL

PENSTOCK SHAFT

POWER STATION ~

-ACCESS, VENTILATION
AND CABLE SHAFT
-VENTILATION SHAFT
-INTERMEDIATE
RESERVOIR

A typical proposed UPHS plant will
have a capacity of 1000-2000 MW with 8-10
hours of storage, and an overall efficiency
close to 80%. Presently, there are two
basic plant configurations — the one-drop
and tha two-drop schemes (Figs. 2 and 3 ) .
In the one-drop scheme, there is only
one underground reservoir. The turbomachinery is housed in the powerhouse located
below the underground reservoir to provide
pump submergence. Access, cable and equipment shafts connect the powerhouse to the
aboveground service building. The powerhouse is linked to the upper reservoir

Fig. 3.

UPHS Two-Drop Scheme

The two-drop configuration utilizes
single-stage, reversible pump/turbines
(RPT) with an average gross head of about
half the depth at which the lowest reser-
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voir is situated. A smaller intermediate
reservoir is located half way between
ground level and the underground cavern.
A powerhouse is connected to each of the
two underground reservoirs. The intermediate cavern allows the two power plants
to operate in series without synchronizing
the turbomachinery. The shaft requirements
are similar to the one-diop scheme.

and Harza Engineering Co. 6 have conducted
studies of UPHS. Salient features of these
studies are summarized in Table 1, and
several points are worth noting.
(1) There is a considerable spread in the
range of head under consideration
(from 765 m to 1500 m ) . Generally,
the more recent studies tend to consider higher head.

UNDERGROUND RESERVOIR
For both configurations, the lower
reservoir is usually constructed in a roomand-pillar layout with an intersecting grid
of tunnels (Figs. 2 and 3 ) . In the Chas.
T. Main report, 2 which is the latest study
on the subject, a typical UPHS lower reservoir will cover an area of about 64 x 101*
sq. m. ("VL/4 sq. m i . ) . The size of each
tunnel is about 15-m wide by 25-m high with
a crown of 7.5 m radius. The pillars separating the tunnels are 45 m by 45 m. Such
room-and-pillar construction is expected to
give a stable configuration at depths
(>1000 m) considered in UPHS schemes.
The three primary methods of shaft
construction are conventional sinking
methods, machine boring, and raising by
means of an elevating platform, followed,
if necessary, by downward enlarging. The
time required for construction of a UPHS
plant is 6-8 years. Total time in excess
of 10 years may result if planning and
lead-time are considered.
UPPER RESERVOIR
The upper reservoir for a UPHS plant
can be a specially-constructed dedicated
reservoir, or natural lake, or one created
by damming a river or stream. Because of
high-head plant operation, the required
upper reservoir volume will be significantly less than a conventional pumped storage
reservoir. Containment structures for the
reservoir will be essentially the same as
those used for conventional pumped storage.
There does not appear to be any identified
problems with reservoir construction other
than possible environmental aspects, discussed later. A unique feature of the UPKS
concept is the availability of a large volume of high-quality rock from the underground reservoir excavation that can be
used for containment construction.
MAJOR STUDIES
Within the last few years, Chas T.
Main, Inc., 2 PSEG, w Acres American, InC.,1'13
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(2) The estimated plant cost varies from
273 to 405 $/kW. These costs have
been updated to September 1978 dollars
by using a general inflation rate of
8% per annum. In a more precise estimate, the inflation rate will be different for the various components of
the plant. The more recent studies
tend to give higher cost estimates.
The higher costs are due to different
system configurations and inflationrelated costs.
(3)

The turbomachinery considered is
either conventional or slight extensions of present technology. Singlestage RPT units for heads up to about
765 in are considered. For higher
heads, either a two drop scheme is
used or multistage RPT units or tandem units are employed. The state-ofthe-art of the multistage and tandem
units is adequate for UPHS application,
but they are inherently more expensive.
Economical operation requires some important extensions to turbomachinery
technology.
GEOLOGY-RELATED ISSUES

The important factors governing UPHS
siting opportunities are site geology, hydrology and the location of major load cent e r s . ' 2 ' 1 1 In general, the underground
construction, particularly for the cavern,
requires a medium with good competent rock
with few discontinuities. Igneous intrusive and crystalline metamorphic rock
structure will in general satisfy UPHS construction requirements. Favorable areas
within the continental U.S. for UPHS deployment are shown in Fig. 4. Of course,
within the favorable areas, there may exist
localized regions with unfavorable geology
and vice versa. Since transmission cost is
about $0.34/kW/mi,2 incentives exist to
keep plants relatively close to load centers. It is worthwhile to note that within
the favorable geological areas such as the
Midwest and the Northeast lie some of the

Table 1.

TITLE
Underground Pumped Storage
Research Priorities (April
1976) Prepared by Acres
American Incorporated

Major UPHS Studies (adapted from Ref. 2)

PREFERRED TYPE
OF EQUIPMENT

PREFERRED SCHEME
Indirectly suggested one
or two drops, approximately 900 m (3000 ft)
head

200 MW units: at 700 m
(2300 ft) single-stage
runner reversible and
at 1000 m (3300 ft)
multi-stage runner,
reversible

ESTIMATED
COST <$/kW)

PRINCIPAL PURPOSE

300
To identify particular asfor 1000 MW pects requiring detailed
at 900 m
examination during a sub(3000 ft)
sequent comprehensive preand 10-yr
llninary design phase
storage

An Assessment of Energy
Considered:
Single-stage reverStorage Systems Suitable
sible units of about
- Up to 765 m (2500 ft)
for Use by Electric Utili300 MW
for single-stage reties (July 1976) Prepared
versible units.
by Public Service Electric - About 1070 m (3500 ft)
and Gas Company, Newark,
for two plants in series
New Jersey

<544
for 10-hr
storage

To provide the required data
to establish research and
development priorities for
energy storage technology

Siting Opportunities in
the U.S. for Compressed
Air and Underground
Pumped Hydro Energy
Storage Facilities
(December 1976) Prered by Acres American
Incorporated

In economic computations
assumed 200 MW plant,
10-hr storage
1070 m (3500 ft) head

Approximately 273

To categorize the geology
of the continental United
States in accordance with
the potential for the siting
of compressed air energy
storage (CAES) and UPHS

Underground Pumped
Hydro Storage and Compressed Air Energy
Storage. An Analysis
of Regional Markets
and Development Potential (March 1977)
Prepared by Harza
Engineering Company

Two-drop scheme
Total head 1340 m (4400
ft) 2000 MW, 6 to 10-hr
storage

Underground Hydroelectric Pumped
Storage. An Evaluation of the Concept
(June 1978) Prepared
>y Chas. T. Main Inc.

One-drop scheme
Two-drop scheme
Total head -1200 i
10-hr storage

250 MW single-stage
reversible units at
670 m (2200 ft) head

200 to 366 To Identify and describe
(2000 MW) regional markets for UPHS
10-hr stor- aod CAES and perform geoage
logic analysis to determine

regional development potential

333 MW multi-stage
One-drop: a. Multistage RPT; b . Tandem
unit
Two-drop: two singlestage RPT in series

major load centers within the continental
U.S.
These areas are, therefore, prime
regions for UPHS applications.

spacing of joints and their orientation and in situ stress state (vertical as well as horizontal stresses),

One important issue i s the stability
of the underground structure. This pertains to the response and long-term behavior of the underground cavern when i t is
subjected to the cycling effect of charging
and discharging of water over a long period
of time. During normal operation of a UPHS
plant, the underground structures are exposed alternately to water and a i r . The
effect of changing pressure, temperature
and erosion on the stability of the lower
cavern is an issue that has to be investigated. Necessary inputs for such an analysis will be:
(a)

the thermo/physical/mechanical rock
properties of the region in question,

(b)

the state of the rock mass such as

348 to 405 To Investigate state-of-theart of UPHS, to evaluate
feasibility and relative
economic viability and to
Identify needs for further
technological and economic
research

297

(c)

specific details of the water/pumping/
discharge cycle, and, finally,

(d)

specific configuration of the underground reservoir.

With these as inputs, the elastic/plastic
response of the underground structure may
be analyzed. For site-specific stability
analysis, of course, rock properties pertaining to that particular? site will be
needed.
Another important issue is the exploratory technique used. Since rock mass information is a prerequisite for any stability analysis, the means of collecting such
information is an important issue. However,
up to now the principal exploratory tech-

AREAS GENERALLY
FAVORABLE FOR
UPHS TAVERNS.
Fig.

4.

U.S. Sites Generally Favorable for UPHS Caverns

nique still involves direct drilling of
boreholes. Because rock mass properties
can vary substantially over the depth range
involved in UPHS project (>1000 m ) , boreholes have to be drilled to comparable
depth in order that reliable information is
obtained. For example, the in situ stress
ratio (horizontal to vertical stress) may
vary significantly over the depth range
considered in UPHS schemes. In addition,
all methods are accurate only over a short
range from the borehole. However, this
kind of approach, while expensive, seems to
have no substitute at the moment. Hence, a
UPHS project carries an element of risk
that is characteristic of projects that require geo-exploration to provide input information. This risk can be reduced by
more extensive on-site geo-investigation
within reasonable economic limits.
Other issues such as questions of hydrological and environmental concerns can
be dealt with through judicious site selection.
ENVIRONMENTAL, SOCIO-ECONOMIC,
AND SAFETY ASPECTS OF UPHS
The selection of a UPHS plant will
generally be determined by the availability
of competent geologic conditions, the proximity of load centers and transmission
lines, and a sufficient water supply.
Closely tied to these variables are environmental considerations. Whereas the environmental effects of a UPHS plant will
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vary with the individual site, all locations have certain generic factors such as
disposal of excavated material, water contamination, and disruption of the natural
habitat. Consideration must be given to
the socio-economic impact of the area during
plant construction.
It has been estimated that from 5.5
to 7.5 million cubic meters of material
will be excavated for construction of the
lower reservoir and powerhouse. Part of
this material can be utilized for construction of the upper reservoir containment;
the remainder requires either on- or offsite disposal. This is excellent quality
construction material and its usage could
be profitable. Off-site utilization or
disposal can produce air pollution or traffic congestion. Disposal by dumping can
alter surface drainage, create a visual
blight and limit land usage.
The contamination of reservoir surface
and subsurface water is a factor that must
be considered. Construction of the lower
reservoir will alter ground water characteristics and local aquifers could be penetrated, diverted or drained. Groundwater
contamination may result from seepage around
access shafts or penstock leaks. Surface
water drainage and quality will be affected
by roads, buildings and the upper reservoir.
Cycling of water between the reservoirs
could result in mineralization, solids suspension, and an increase in water temperature. Mineralization should be minimal due

to the high quality of rock required for
cavern construction. Solids suspension
should approach the level of normal reservoirs after initial operation and sedimentation have occurred.
Water heating from the hotter underground rock does not appear to be significant, but additional investigations are
required. If the surface reservoir is a
natural lake, then water level fluctuations,
mineralization, temperature, groundwater
seepage, oxygen depletion, and algae formation effects on the aquatic life in the
lake must be evaluated. Water discharge
from the lake will in turn impact the region downstream of the lake. A manmade
reservoir will reduce these effects but
will introduce concerns during the diversion of water for the filling and replenishment of the reservoir.
It is assumed that site selection will
exclude areas of historic or archaeologic
significance, rare or endangered plants or
wildlife, planned parks, and valuable mineral deposits. The disruption of the
natural habitat requires consideration of
foliage elimination and displacement of
wildlife. The addition or alteration of
terrain features could produce a visual
impact.

turbines, and coal-fired cycling plants,
are not as attractive environmentally as
UPHS. Conventional pumped storage requires
additional land area for the lower reservoir and only limited sites are existent.
Combustion turbines and coal-fired plants
introduce air pollutants and require storage and transportation of fossil fuels.
Common to all storage schemes is the additional pollution resulting from increased
operation of the base-load plant.
TURBOMACHINERY FOR UPHS PLANTS
As discussed previously, the two
schemes projected for UPHS are the singledrop and the two-drop systems. A schematic
representation of the turbomachinery and
present head limitations that will be used
for these systems are shown in Fig. 5.
Basically, the equipment is either a reversible pump/turbine (RPT) or a tandem unit
consisting of an impulse turbine, usually
a Pelton-type waterwheel, and a multistage
pump. Single-stage and multistage units
are available and two-stage turbine designs
are being considered.
HEAD
LIMIT

SINGLE-STAGE
REVERSIBLE
GATED

Socio-economic impacts can be both
beneficial and detrimental to the surrounding region. Some beneficial effects include increases in the tax base, employment
and business activities. Detrimental effects include traffic congestion and increased demands on service such as police,
schools, and medical. These socio-economic factors are not unique to a UPHS plant
but are generally similar to any large construction project.
Safety issues are similar for any
plant construction, but a UPHS plant has
the additional problems associated with
underground mining and operation. Flooding
of the powerhouse is a concern because of
the serious equipment damage and danger to
operating personnel that could result. The
possibility of having the underground system subjected to the full hydrostatic head
could also be a problem.
• Careful site selection, planning, appropriate design, and the use of a dedicated man-made upper reservoir will eliminate
or mitigate the environmental impact of a
UPHS plant. Alternatives to UPHS such as
conventional pumped storage, combustion
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TYPE

TWO-STAGE
REVERSIBLE
GATED

MULTI-STAGE
REVERSIBLE
NON-GATED

SEPARATE-UNITS
1400 m

IMPULSE FOR
TURBINE MODE
MULTI-STAGE
NON-GATED
PUMP FOR
PUMP MODE

Fig. 5.

Turbomachinery for UPHS Plants

This single-stage RPT has been u t i l ized extensively for pumped storage proj e c t s since about 1954. These units provide the least complicated arrangement and
are generally equipped with adjustable

wicket gates which provide regulation of
power output and good control for starting
and synchronizing the unit in turbine
operation. In pumping operation, adjustable wicket gates are relatively ineffective for regulating discharge but enable
variable-head operation at optimum efficiency. One disadvantage of the singlestage turbine is its requirement of deeper
submergence to avoid cavitation; another
limitation is the head range. The maximum
design head for these machines has bean
steadily increasing. In the early sixties,
operating heads were less than 250 m. In
the next ten-year period, the maximum head
reached 390 m (Robiei-Switzerland). Since
that time, machinery has been ordered and
commercial operation started for a number
of plants with turbine heads in the 500-m
range. The current maximum head is 620 tn
for the Bajina Basta Power Company in
Yugoslavia. Therefore, utilization of
conventional single-stage RPT units for a
1000-1200-m UPHS plant necessitates a twodrop system.
Continual progress toward higher-head,
single-stage RPT units is being made, but
Swiecicki
estimates that it may take more
than another decade before, if ever, a
machine is ordered and designed for a 9001000-m head. A conservative approach to
head increases is attributed to the reluctance of manufacturers to advance the
state-of-the-art too rapidly and because
utilities are not willing to accept machines which deviate significantly from established practice. In addition, there
has not been a market for high-head turbines that would encourage manufacturers
to develop these machines. In the United
States, there are very few conventional
pumped storage sites which could provide
heads in excess of 550 m. In Europe, highhead pumped storage plants have used either
multistage RPT or tandem units. The practical upper limit on the design-head for a
single-stage RPT is estimated as 800-1200 m.
Being able to achieve the higher limit is
mandatory for the single-drop UPHS scheme.
High-head design poses problems with
rigidity of turbine parts, fatigue stress
limits, seals, and the manufacturing components with narrow passages. Attention
must be paid to surface profiles and finishes to avoid cavitation and head losses.
Serious stress and vibration problems of
the wicket gates and their operating mechanism will occur with increasing head.
Higher heads also require longer and
thicker stay vanes, and thicker wicket

gates and runner buckets, all of which
could reduce turbine efficiency. To counteract this potential efficiency reduction
requires careful mechanical and hydraulic
design of the runner to operate at higher
specific speeds than customarily used today. To increase the specific speed, either
the turbine speed or capacity must be increased. However, turbine speed is somewhat restricted by the available synchronous
speeds of the motor/generator and manufacturers of this equipment are reluctant to
go to very high speeds. Efficiency losses
associated with high-volume flow rates will
also limit the specific speed. In addition,
some unidentified technological barriers
may exist which will limit the achievable
maximum head. Resolving these concerns requires conducting research studies and
model tests. This activity is part of the
ongoing Department of Energy-UPHS program.
The Hydro-Turbine Division of AllisChalmers Corp., with a contract from Argonne
National Laboratory (ANL), has completed a
preliminary design study of 500 MW, singlestage RPT units for operation at heads of
500, 750, and 1000 m. A contract report is
presently being written.
Multistage reversible pump/turbines
without wicket gates are available for the
head range proposed for UPHS. Some units
currently operational or under consideration are:
- Chictas-Italy, 1070 m, 4 stages, 150 MW
- Edolo-Italy, 1290 m, 4 stages, 142 MW
- LaCache-France, 930 m, 5 stages, 79 MW.
The multistage unit has the advantage
of a developed pump cycle and requires less
submergence than a single-stage machine.
Its specific speed per stage can be higher
which increases efficiency, but this is
offset by additional losses between stages.
Since these machines do not have wicket
gates and therefore, cannot be regulated,
they always generate a block-level of power.
Therefore, the system loading must be capable of absorbing this ungoverned gneration
without creating stability problems. In
the pumping mode, these machines are all
started in the watered condition because
of technological problems in dewatering
and priming. The main obstacle in the design of multistage units appears to be the
structural and metallurgical design of the
casing which tends to limit the size of the
unit.
Tandem units consisting of a Peltontype waterwheel and a multistage pump

300

coupled to the same shaft are utilized in
Europe for conventional, high-head pumped
storage. Such units are:
- San Fiorino-Italy, ]440 m, 140 MW
- Rottau-Austria, 1100 m, 200 MW.
The Pelton turbine must operate in
free air and is normally situated above
the highest tailwater. The pump has to be
below the lowest tailwater level for cavitation-free operation. For vertical shaft
units, the shaft length is long, often in
excess of 30 m, and requires considerable
support bearings. The powerhouse cavern
tends to be high and narrow which causes
stress problems in the walls. To overcome
these disadvantages, a booster pump can be
used to provide the necessary inlet pressure to the main pump. This technique reduces the vertical shaft length and is
utilized for horizontal shaft units.
Operating the Pelton unit under an air
back-pressure allows it to be located below the tailwater level. This technique
has been sucessfully used at the Tysso IX
station in Norway. Tandem units have high
efficiency over a wide head range, simplicity of synchronous-condenser operation,
ease of starting as a pump, rapid changeover from the pulping mode to the turbine
mode, and vice versa. Its disadvantages
include high cost and limited capacity of
the multi-stage pump section.
A two-stage RPT with wicket gates is
being considered for UPHS application even
though none of these units are operational
or on order today. Escher-Wyss has completed model tests and performed mechanical
design investigations for such a unit. The
two-stage RPT with wicket gates is more
flexible than a non-gated design, and requires less submergence than a single-stage
RFT for the same total head. It is capable
of being used for higher heads than a
single-stage turbine, but requires initial
development of a high-head single-stage
unit. One disadvantage is the loss of efficiency between stages. Hartmann and
Meier 7 point out that considerable effort
will be necessary in hydraulic research and
mechanical design to bring this type of
machine to a stage of development where the
construction of a full-siae prototype will
be feasible. Allis-Chalmers has recently
completed a study for ANL on the preliminary
design apects of such a machine. A report
is presently being written on this study.
This discussion has excluded separate
pump and turbine units that have been com-
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monly used in a number of European pumped
storage plants. This scheme does not
appear to be economically attractive and
would require the development of a highhead reaction turbine. Hartmann and Meier 7
presented an arrangement called the "One +
One." This idea basically combines two
single-stage RPT units in series to form
a two-stage machine. Several advantages
of this arrangement were cited, but additional study is required to assess the
feasibility of this scheme. Consideration
also needs to be given to the controlledflow rate pump/turbine of Gokhman,5 which
appears to be applicable for solar energy
storage. This concept utilizes an adjustable hub and a supplementary adjustable
cover instead of wicket gates to obtain a
relatively flat efficiency curve over a
variable flow range.
UPHS ECONOMICS
Typical cost estimates for several
UPHS plant configurations are listed in
Table 2. Included in the item designated
as reservoirs, dams, and waterways are the
upper and lower reservoirs and water conductors with all the associated shafts except those connected to the upper service
building. Tlu lower reservoir cost includes excavation, disposal, rock-bolting
and shotcrete. It comprises about 25-30%
of the total plant cost, and is therefore
the most important cost component. Items
such as power plant structures, pump/turbines, generator/motors, and miscellaneous
equipment are each about 8-10% of the total
cost.
The approximate costs for the turbomachinery proposed for UPHS plants is shown
in Fig. 6. These costs were obtained from
Mitchell8 and include turbine governors and
penstock valves. The cost of a two-stage
RPT with wicket gates will fall between the
single-stage and multistage cost. The
single-stage RPT is the lowest cost unit
which provides the incentive for the development of this type of high-head turbomachinery. In addition, multistage and
tandem units are size-limited and will require more units for a given plant capacity
than the single-stage RPT. Additional
units require more waterways and gates
which increases plant cost.
The effect of head on the cost of a
500 MW single-stage RPT is shown in Fig. 7.
These data are obtained from the recent
Allis-Chalmers study3 and show decreasing
turbine costs with increasing head. This

trend is contrary to the multistage RPT
cost data in the Chas. T. Main study2 which
predicts increasing machinery cost with
increasing head.
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Table 3. Cost Estimate Summary on
Several UPHS Systems '
16
I

Item/System

II

III

2

2

2

71

89

75

293

320

297

Pump/Turbines

76

44

117

Generators/Motors

52

49

54

Miscellaneous Equipment

51

58

52

6

6

6

Contingencies, Engineering, Supervision and
Overhead

183

194

197

TOTAL

734

762

800

$/kW

367

381

400

Land and Land Rights
Power Plant Structures
and Improvements
Reservoirs, Dams, and
Waterways

Roads and Bridges

1 1

i

10

i r

50

1250 1500

Even though the technology for UPHS
is somewhat advanced, additional research
and development studies are required to
improve the economics, and eliminate any
technological uncertainties that would hinder large-scale commercialization. Research
should be conducted to improve equipment
and construction techniques for excavating
large-diameter deep shafts and large underground caverns. Geological studies are
needed to define, evaluate and determine
suitable lower reservoir design and stability criteria with emphasis on stress

g 30
o

30

750 1000
HEAD, M

RESEARCH AND DEVELOPMENT REQUIREMENTS

£ 40

10

500

Recent studies 1 ' 2 > s> 8> 10 have shown
that with other factors (such as energy
storage capacity and types of turbomachinery equipment) being held constant, the
required underground reservoir volume decreases as the net head increases. Therefore, strong incentive exists to go to
higher heads to reduce reservoir cost.
However, higher heads (>1000 m ) result in
a cost penalty from increased construction
time. An optimum head should be reached
where any further increase in head will
only marginally reduce the overall system
cost. The general trend of system cost
(in $/kW) versus net head is illustrated
in Fig. 8. Estimated costs are direct
costs and do not contain the effects of
interest and escalation during construction;
inclusion of these effects can produce potentially significant changes to economic
conclusions.

AND PUMP (TANDEM)
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250

Fig. 7. Effect of Head on Single- and
Two-Stage RPT Cost 3

100

*

SINGLE-STAGE RPT
12 NOTE: SEPT, 1978 COSTS

*1) Adapted from Ref. 3. I: Multistage
RPT; II: Single-Stage RPT (two-drop);
III: Tandem Unit. All three plants are
2000 MW, 1200 m head with 10 hrs storage.
2) Units in 10 6 September 1978 dollars.
3) $/kW in September 1978 dollars.
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NOTE:
NOV. 1975 COST INCLUDING
GOVERNOR AND VALVES
I I
I
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1

300
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Fig. 6. Capacity Effect of Cost of Turbomachinery for Single-Drop Schemes 6
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tally, a UPHS plant is more attractive
than alternatives such as conventional
pumped storage, combustion turbines, and
coal-fired cycling plants. Careful site
selection, planning, appropriate design,
and the use of a dedicated man-made upper
reservoir will eliminate or mitigate the
environmental aspects of a UPHS plant.

500
400

200
100 -

Recent studies have indicated that
the optimum head for a UPHS plant is about
1000-1500 m. The highest head, singlestage RPT unit built today is 620 m.
Therefore, to utilize available equipment
and operate at a high head requires a twodrop scheme, i.e., two single-stage turbines in series with an intermediate reservoir. High-head multistage RPT units and
tandem units (Pelton-type waterwheel plus
a multistage pump) are available but are
capacity-limited and expensive. The development of high-head, single- and twostage, regulated, RPT units is economically
attractive, but requires extensive technological development.

NOTE:
COSTS AS OF SEPT. 1978 PRICE LEVEL
TEN HOURS STORAGE, 2000 MW CAPACITY

600

Fig. 8.

900

1200
HEAD, M

ISOO

Effect of Head on Single-Drop
UPHS Plant Cost (adapted from
Ref. 2)

conditions of the surrounding rock. Techniques should be developed to determine
the underground geotechnical conditions
with surface detection methods.
Design, research, and testing programs
are required for the development of largecapacity, high-head, single- and two-stage
regulated RFT units. Research is needed
to increase the unit size, efficiency, and
regulation of multistage pump/turbines
Coupled with the turbomachinery development
for UPHS plants, investigations of the
motor/generator design requirements should
be conducted. System studies to determine
the optimum head, equipment arrangement,
unit size, type of turbomachinery, and
plant size are required.

The head, unit size, plant size, plant
arrangement, type of hydraulic machinery,
and costs are not clearly defined. Thus,
further system studies arj r1 quired to
determine optimum conditions. Studies are
also required to reduce plant construction
time, improve mining techniques, and provide rock mechanics criteria for underground reservoirs.
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EVALUATION OF ONE AND TWO STAGE HIGH HEAD
PUMP/TURBINE DESIGN FOR UNDERGROUND POWER STATIONS

John Degnan
Allis-Chalmers Corporation
Hydro-Turbine Division
Box 712, York, PA
17405

ABSTRACT
This paper attempts to summarize the significant design considerations found during
development of one and two stage reversible hydro machinery for the high head underground pumped hydro storage (UPHS) project currently funded through the U.S. Department
of Energy (D.O.E.). The immediate objectives of the initial phase of this D.O.E.
investigation are as follows:
" Extension of the present state-of-the-art technology for high head single and
double stage pump/turbines to heads beyond 500 and 1000 meters respectively.
To generate preliminary machine designs which will comply with the required
operating characteristics for UPHS and also serve as a basis for development
of model testing procedures and equipment.
To project the manufacturing costs of any proposed hydro-turbine equipment
resulting from the investigation.
' Evaluate the feasibility of the one and two stage pump/turbine propositions for
operation at a rated power of 500 megawatts under heads of up to 1000 and 1500
meters respectively.
Examples of the preliminary single and double stage machine configurations are
included within. Discussion of the special analyses and results leading to these
machine designs is given and finally, conclusions as to the feasibility and limitations
of each type of machine are drawn according to their expected cost, mechancial and
hydraulic performance.
INTRODUCTION

from current design and operation experience.

From the outset of the project, it was
believed that the maximum head which
could be accommodated by a single stage
machine was approximately 1000 meters
and 1500 meters for double stage
machines. Also it seemed obvious that
the economics would not justify a larger two stage concept where head conditions allowed a single stage application. For this reason, both concepts
were developed within their expected
aJlowable head ranges.

Also, four separate double stage designs
were investigated. One of these was
rated at 350 megawatts operating at a
rated 1250 meters head while the others
were designed for a rated power of 500
megawatts operating at rated head of
1000, 1250, and 1500 meters respectively. The 1000 meter machine will be used
to exemplify significant design considerations of the two stage pump/turbine
concept.

Three single stage pump/turbines were
developed with rated net heads of 500,
750, and 1000 meters respectively and
each with a rated power of 500 megawatts. The 1000 meter machine will be
used to exemplify the points of discussion since this machine is most removed

The feasibility of the mechanical designs
for these machines was verified using
very accurate computer models which predict structural behavior and stress conditions based on the finite element
method of analysis.
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The hydraulic shape of the water passages
and the performance for the single stage
machines were predicted from existing
high head pump/turbine model configurations and test data. The hydraulic
characteristics of the two stage machines
required more rigorous studies. The performance estimates, for instance, involved using known two stage pump performance
curves or a combination of the performance characteristics of two single stage
units which were similar to the respective stages of the pump/turbine under
study. Any expected losses between
stages were then accounted for. Of
course, determination of the actual
hydraulic performance can only be realized when the model tests are made.
SINGLE STAGE PUMP/TURBINE DESIGN

rig. 2 until »t«i« 1000 Mttr-41:trlbutor f l u

GENERAL

SPIRAL CASE - STAY RJMG

Figures 1 and 2 show the 1000 M single
stage pump/turbine preliminary design.
The major component designs were generated automatically using the IRIS
program. The engineering design calculations performed in IRIS proved to
give a sensible optimized design. This
is substantiated through the special
computer studies whose results indicated
only minor geometry changes would be
necessary to afford a sound single
stage pump/turbine design.

The most significant criteria used to
design the configuration of these integrated components is that their mechanical interaction be related so any net
moment generated in the stay ring crown
during the design condition (maximum
waterhammer pressure outside the wicket
gates and tailwater head inside the gates)
and pump prime (full shut-off head inside
closed wicket gates with maximum static

Flu.

1 S l n * l . «t>||» 1000

F/T - dl.trlNKor nrcllon

ne. Stress Distribution! 1
I Pump Shut-off
*

Fig. 3 Stay ring vane stresses
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head outside) cause equivalent tensile
stresses on the outside and inside diameter of the stay vanes respectively.
Such a design criteria truly produces an
optimized structure since this technique
minimizes the stress amplitude section by
section through constructive use of the
residual ring moments. Figure 3 shows
how these moments are controlled by the
section's spiral case to stay ring
attachment location. Note how the spiral
case attachment point slides along the
stay ring cone until the optimizing
criteria are satisfied.
DUcMi|« nai vittlcal lewd*

HEADCOVER
It should be noted that cheaper, lighter
discharge ring designs can be proposed
so that the only compensation for the
extreme head cover load is in the foundation reaction. This huge load, however, becomes increasingly difficult or
impossible to accommodate as pressure
heads increase and machines necessarily
become smaller.

The mechanical design of this component
is optimized based on the structure's
rigidity or its resistance to distort
under load. Such parameters as maximum
hoop stress, maximum angular rotation
of the head cover and maximum deflection
at the turbine bearing support are
checked against preset limits in the
IRIS design system according to a logarithmic type head cover analysis. The
structure is incremented in size accordingly until all optimizing criteria are
satisfied. The following boundary conditions were fovced on the IRIS design
of the 1000 M single stage pump/turbine:
Maximum Hoop Stress
Maximum Angular Rotation
Turbine Bearing Radial
Deflection

DISTRIBUTOR SECTION ANALYSIS
The 1000 meter single stage pump/turbine
distributor components have been analyzed
using the axisymmetric-two dimensional
representation including the discharge
ring, spiral case, stay ring, head cover,
and connecting bolts (Figure 5 ) .

17000 PSI
.0008 radians
.0500 inch

This analysis will provide the following
information:

It will become apparent from the stress
analysis of the distributor section why
these parameters characterize the general
behavior of the head cover.
DISCHARGE RING
This component draws its sizing from the
basic head cover configuration. The
most important feature of the discharge
ring is that it is of heavy construction
and can support its own pressure loading
without relying on a distributed foundation reaction. This full strength discharge ring design has the advantage of
allowing only 40% of the vertical head
cover load, F , to be realized at the
machines' foundation; the remaining. 60%
of the head cover load is compensated
by the discharge ring load. Figure 4
shows this concept graphically.

a.

A general understanding of the
deflection and stress pattern in
the assembly.

b.

A good evaluation of the interactive
forces between components, for example, the calculation of the radial
forces developed at the stay ring
to head cover and stay ring to discharge ring bolting flanges.

c.

The calculation of the necessary
bolt prestress required to eliminate
fatigue.

d.

Th-s foundation loading and required
prestress of the anchor bolts.

Ten basic loading conditions were run
simultaneously by the finite element program . These cases are factorized and
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superimposed using a post processor program to represent the following relevant
operation conditions:
Mormal Running Condition. The machine
operates at maximum static hend. The
pressure distribution inside the runner
periphery follows a forced vortex parabolic law assuming a" mass of water
rotating at half the speed of the runner.
The maximum tailwater head is applied
inside the runner seals.
Pump Shutoff Condition. This loading
case represents the condition occurring
during a pump start after the release
of the pressurized air. The pressure
acting outside of the wicket gate is
equal to the maximum static head. The
pressure acting from the wicket gate to
the runner periphery is equal to the
maximum shutoff head. This pressure
decreases parbolically from the periphery
of the runner to the runner seals as
described in the first case. The pressure inside of the seals is equal to the
maximum tailwater head.
Pressure Rise, Wicket Gates Closed. This
loading case represents the normal turbine shutdown operation with the maximum
pressure rise and maximum tailwater head
acting, respectively, outside and inside
of the wicket gate.
Runaway Condition. This loading case
represents the extreme condition of turbine load rejection with the wicket gates
stuck open. The maximum pressure rise
acts up to the runner periphery. This
pressure decreases parabolically from
the runner periphery to the runner seal
following a forced vortex law with the
mass of water rotating at 50% of the
runner runaway speed. The maximum tailwater head is used inside of the seals.
Results Interpretation.
The use of
deflection results for the purpose of
rigidity evaluation or field test comparison has to be based on differential
values between two points of the structure. This is necessary in order to
establish a common fixed datum. For
example, the vertical deflections of a
head cover can be defined as the differential vertical movement between any
point on the head cover and the stay
ring bolting flange interface.

Some of the important information and
design criteria extracted from the computer study are defined in Figure 5 and
tabulated in Table 1 and 2. They are:
- "A", axial deflection of top deck at
the inner radius. The value is calculated relative to the head cover to
stay ring interface at the bolt centerline.
- "B", radial deflection of top deck at
the inner radius. This value has to
be considered very carefully for this
design where the turbine guide bearing
is bolted directly to the top deck.
- "C", axial deflection of top deck at
the outer radius.
- "D", radial movement of wicket gate
top bearing.
- "E", radial movement Of wicket gate
intermediate bearing.
- "F", gap opening at head cover to stay
ring seal interface. This value is
checked to assure that " 0 " ring extrusion will not occur.
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Table 1.

HEAD COVER DEFLECTIONS AND ANGULAR ROTATIONS (cm & radians)

Node

Generating

Pump Prime

A*
B
C*

.10018
.04012
.01082
.03379
-.03069
.02388
.06635
.11848
.00062
.00045
.73116

.15990
.06165
.02055
.05196
-.04820
.04053
.10420
.18468
.00096
.00070
.73310

D
E
F
G
J*
a

B

e
Table 2.

K
L
M
N

Runaway

Pressure Rise

.14961
.05861
.01941
.04958
-.04561
.03988
.10232
.17294
.00089
.00067
.75144

.03608
.01732
.00077
.01459
-.01348
.00853
.02963
.04760
.00024
•00020
.82353

FOUNDATION LOADS AND COMPONENT INTERACTIVE FORCES , KG
2,830,336
1,518,021
4,573,606
4,335,834

3,428,073
1,286,229
7,047,673
7,223,523

3,068,820
2,638,506
2, 005, 594
1,122,144

4,135,666
2,204,468
6,701,236
6,500,989

*referenced to datum
- "G", distributor height growth. This
value is particularly important at
pump start and at shutdown when the
additional clearance has to be filled
by the movable gate end seal to limit
leakage and wire drawing.

9 = 1.0 for an infinitely rigid
ribbing

Foundation Load and Components Interaction. The component interactive forces
and foundation loading are defined in
Figure 5. These are the radial forces
tending to separate the stay ring from
the head cover "K" and also, from the
discharge ring "L", plus the inner and
outer foundation reactions "N" and "M".
These values are tabulated in Table 2.

• "J", axial deflection at the shaft
seal bolting flange. This is usually
the largest axial deflection recorded
in a bead cover.
"a", head cover top deck angular rotation. This is one of the most important head cover design criteria. Its
magnitude is inversely proportional to
the head cover rigidity. Experience
has shown that a should be lower than
0.001 at the normal running condition
to insure a satisfactory performance
in a straight Francis turbine. A more
conservative value of 0.0009 radians
is used for pump/turbines.

WICKET GATE
A critical balance exists between the
hydraulic and mechanical requirements of
a guide vane system. It is essential to
assure that neither the hydraulic performance nor the mechanical considerations of long life and reliability be
compromised.

"8", wicket gate bearings angular
rotation. The same criteria used for

The wicket gate system for the 1000 meter
pump/turbine was also generated by the
IRIS program. The preliminary design
of the wicket, gate is achieved by incrementing the gate geometry until all
static and dynamic criteria (stress,
deflection and torsional frequency) are
satisfied. A schematic representation
of this optimization process used by
IRIS is shown in Figure 6.

"9", is the ratio of gate bearing
angular rotation to head cover top
deck angular rotation. The magnitude
of 6 is an indication of the efficiency
of the transfer, by the ribs, of the
shear load between the head cover top
and bottom deck.
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Gate Squeeze Condition. The gate stem
is subjected to the maximum torque available at closed position while the gate
leaf is subjected to the maximum transient head and the intergate seal reactions which are presented as contact
pressures in Figure 8.

FIHAj QESICH • OUTPUT

g. 6 Icii pro^ru q « t optimisation

Shear Pin Failure Condition. The gate
stem is subjected to the maximum torque
required to break the shear pin at or
near the closed position. This condition
occurs when an obstruction becomes lodged
between any two gates preventing further
closure of the gates. The highest stresses result from the blockage which is
located at the upper tail end of the leaf.
Since full servomotor torque is available
to these two gates alone, they must be
protected by insertion of a shear pin in
their linkage mechanisms. The pin was
designed to break at 225% of normal
servomotor torque.

-TIUUULATIQSAI. CM3TM1KI

-THIUST COXSTUIVT

TAIL SEAL COfTTACt LVtl

_,
—TtANStATKHAL CONSTRUCT

Fatigue Analysis. Once all the significant static loading conditions are
analyzed, evaluation of the fatique life
is done. The Miner's cumulative damage
rule is typically used which is based on
the linear summation of the fractions of
fatigue damage expressed in terms of the
cycle ratio (n./Nf)

_ S O S t SEAL COfTrXT LIKE

^ossnwwT

WICKET GATE STRUCTURAL ANALYSES

where n. = estimated if of cycles of
each mode of loading

Since the classical Beam theory used in
IRIS does not adequately represent the
behavior of the leaf and stem to leaf
intersection, a three-dimensional finite
element static analysis of the gate was
conducted. Figure 7 shows the mathematical model. The structural response to
the following loading cases has been
evaluated:
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gives solid evidence to the integrity of
its conceptual design.

# of cycles to failure as
determined from material
specifications. This is a
function of the mean and
cyclic stresses occurring
at potential sites of failure.
Z(n ± /N f ) = 1

i:

failure is hypothesized

M

u

uoo
1050

LOW

A conservative approach in using the
analysis is to limit the accumulated
damage to an order of magnitude less
than the predicted level so that Z(n./N^)
< 0.1 indicates a reliable design.
HYDRAULIC PERFORMANCE
In addition to the mechanical development, the hydraulic performance of the
machines have been evaluated. Figure 9
shows the performance as a pump,
CONCLUSION
These studies indicate that both the
wicket gate and the components of the
distributor section will, in fact, behave
according to the criteria used to size
them. The analyses show, for instance,
that the 1000 meter machine will:

tit. S fmf p«t[01MK. 1000 HUr but ll»|U ftM* «

* develop foundation loads which have
magnitudes of only 40% of the respective head cover loads (18,927,000 Kg
at Pump prime)
' that the maximum hoop stress developed
in the head cover is 17,970 psi
' the axial stress at the inside of the
stay vane during pump prime and at the
outside of the vane during the transient design conditions are approximately equal at each spiral case sec-r
tion.
Also, it was evident that, despite the
extreme conditions of operation assumed
in the wicket gate analysis, the maximum
accumulated damage was 0.000154 for a
period of 50 years or less than 0.002%
of the damage required for fatigue failure. Subjected to normal design loads,
a near infinite life can be expected for
these gates.
The general stress and deflection
response of this machine to its loading

Fig. 19 D.O.E. two atage 1000 meter P/T - distributor
analysis finite clenent nodel
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TWO STAGE PUMP/TURBINE DESIGN
GENERAL
Figures H a n d 12 show the 1000 meter
double-stage pump/turbine preliminary
design. Some of the basic component
designs such as the impellers, head
cover, gate and spiral case configurations have been initially sized by the
IRIS program. Other components such
as the stay ring, intermediate water
passage, and the shafting have been
designed by careful layout coordinated
with the IRIS designed components.
At the outset of the development project,
little was known as to the interactive
behavior of the components making up this
machine. In order to determine this, a
static stress and deflection analysis was
performed on an intermediate design subjected to its normal loading during generation mode. Although the study was
very preliminary in nature, it provided
the required information to develop a
feasible solution.

the calculation of the bolt prestress
required to eliminate flange slippage
and bolt fatigue.
foundation loading required to design
the powerhouse.

DISTRIBUTOR SECTION

The proposed design as shown in Figures
11 and 12 incorporates many modifications
based on the above analysis.

An intermediate design of the 1000 meter
two stage pump/turbine has been analyzed
using an axisymmetric-two dimensional
representation. Figure 10 depicts the
mathematical model developed for the
finite element structural analysis. The
analytical results provided for:

SHAFTING SYSTEM DESIGN
The double stage machines were initially
developed so that each stage generated
equal amounts of power, however, a basic
problem was brought to light concerning
this design: The critical speed of the
shafting system is greatly influenced by
the amount of overhung runner mass and
its distance from the turbine guide bearing. It was apparent that it would be
advantageous to design the second stage
runner to carry as much of the impellers
mass as possible due to its nearness to
the guide bearing. This was accomplished
by designing the first and second stage
to develop 40% and 60% of the power
respectively. This concept was verified
through critical speed dynamic analyses
performed on the proposed pump/turbine
impeller, shafting and bearing with
assumed shafting and generator systems.
The modification caused the fundamental
critical speed of the shaft system
(lateral mode) to be increased from 8.3
Hz to 13.0 Hz or to 73% above the normal
speed.

' a general understanding of the deflection and stress pattern in the assembly
• a good evaluation of the interactive
forces and moments between components.
This information is essential to properly design connection of the components.

M». 11 Ito •teg* 1000 Mter r/T ~ distributer Mctloa
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Another subject of notable consideration
was the seal clearance of the first stage
shafting. Again, due to the long overhung length of the turbine shafting
downstream of the guide bearing, large
radial deflections could occur during
transient conditions which must be
accommodated without compromising proper
sealing and thus performance. It is
proposed that the interstage seal be
designed so that during transient loading
conditions it will serve as a secondary
guide bearing. A carbon impregnated
metal material has been- developed which
resists corrosion and has varying degrees
of self-lubrication and load carrying
capacity. If contact should occur during short transient periods between this
stationary seal material and the rotating
shaft, the seal can indeed function as a
self-lubricated guide bearing.
WICKET GATE

HYDRAULIC PERFORMANCE
In addition to the mechanical development, the hydraulic performance of the
machines has been evaluated. Figure 13
shows the performance of the machine as
a pump.
CONCLUSION
Although further development work is
indicated to design double stage machines
which would have the same degree of
optimization as is built into the single
stage machine, the studies to date are
more than sufficient to prove the feasibility of the two-stage concept from
a mechanical standpoint for heads between
1000 and 1500 meters.
FEASIBILITY
The preliminary designs and hydraulic
evaluation of these machines give witness
to their useful potential.

The same design criteria considered on
the single stage machines apply to this
wickfit gate design. Again, finite element stress, deflection, and fatigue
analyses were performed to verify the
initial sizing. According to these
studies, the wicket gate design presents
no problems which would adversely effect
the feasibility of this two-stage concept even when subjected to the limiting
head of the 1500 meter machine.

The manufacturing cost analysis produced
resultc showing that for the same application, the two stage machine costs are 55%
greater than the single stage unit. It
should be pointed out that project construction, machine efficiency, submergence
and maintainability all must be weighed
and evaluated to determine the feasibility of such a project. Current construction rates, for instance, probably
have the greatest influence on the
feasibility of a project. The amount of
excavation for the project site is dependent on the required submergence of the
hydraulic machine. This submergence
requirement is inherently greater for a
single stage unit than a two or multistage machine.
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ABSTRACT
The presented paper shows the results of the preliminary part of the development of
the new hydraulic machine "Multistage Turbine-Pump with Controlled Flow Rate." The hydraulic analysis of the turbine-pump shows that this new machine has the unique feature
to regulate the flow rate even in the pump mode (the conventional turbine-pumps cannot
control the flow rate in the pump mode). This unique feature makes the new turbine-pump
especially attractive for the pumped-storage plant applications to store the energy produced by the plants utilizing non-controllable natural energy sources such as solar energy,
wind energy, etc. Obviously, during the process of storing energy, the conventional machine will cause the waste of energy produced due to its lack of ability to regulate the
flow rate. The new turbine-pump with controlled flow rate is more complicated and consequently more expensive than the conventional one for the same parameters (head, power) as
can be concluded from the conceptual design of the new machine. However, the turbine-pump
with controlled flow rate does not require an operating valve, since the outer cylinder of
the movable upper band of the distributor (in case of multistage machine, the distributor
of the first stage) acts as cylindrical valve. Therefore it is not certain that new turbine-pump which does not need the operating valve will cost more than conventional turbinepump with the operating valve (It is well known that the high head valve for pov;er plants
is very expensive). Even in the case that the new machine is more expensive than the conventional one with the operating valve, the additional cost of the new machine will be
offset by the energy savings due to the unique feature of flow rate regulation.

INTRODUCTION
Modern turbine-pumps utilized for
pumped storage are divided into two groups.
The first one is one-stage turbine-pumps.
The largest head for such machines is 800 m
(Hitachi (Japan)). Allis-Chaltners (U.S.A.)
advertised the conceptual design of a onestage turbine with a 1000 m head, but other
leading companies such as Escher-Wyss
(Switzerland), Hydroart (Italy) and Nyerpic (France) consider the limit for head
for a one-stage machine to be around 500 m.
One-stage conventional turbine-pumps have
the ability to regulate power in turbine
mode, however in pump mode they can only
work with nominal power or not work at all.
Multi-stage machines cannot regulate power in either mode, but they seem to be more
reliable especially for high heads owing
to the absence of guide gate apparatus with
adjustable vanes. In a one-stage turbinepump working as a pump the guide gate apparatus become the sources of strong vibrations, because the flow after the runner is
unsteady and causes pressure pulsations
around the guide vanes, which are not ri-

gidly fixed. Therefore all conventional
pumps, one-stage or multistage, have some
disadvantages in addition to lacking the
ability to regulate power in pump mode.
Neyrpic (France) is trying to develop a one
stage turbine-pump, but their proposal does
not look very promising. The absence of
power regulation in pump mode is a big disadvantage in certain conditions, e.g. when
the nominal power of a unit is comparable
to the power of the system. Lack of ability of multi-stage turbine-pumps to regulate power in turbine mode is even a bigger disadvantage, because the machine works
in turbine mode only during peak time with
sharp changes in power.
The ability to regulate power is vital to pumps working with non-controlled
output electrical plants, e.g. solar plants,
because it leads to inevitable power losses,
except for those few moments when the power of the plant matches the sum of capacities of several pump units. These losses
can be as high as 95% of the capacity of a
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single unit, because the only available way
of regulation in such a case is a complete
shut down of one or more units. However
there exists a possibility to eliminate the
abovementioned disadvantages of conventional turbine-pumps in both turbine and pump
modes. Power regulation can be achieved in
both modes by changing at will the height
of the water passage in tho runner and the
distributor, the latter having rigidly secured vanes. '
This work accomplished under the Department of Energy contract was devoted to
the conceptual design of such a machine.
According to this contract the researchers
also had to develop all the necessary hydrodynamic programs for this task, so the
accomplished work consists of the proper
hydraulic analysis of the turbomachine with
variable water passage height in the distributor, the conceptual designs of onestage and two-stage turbine-pumps of this
type accompanied by all the necessary hydraulic, force and stress calculations.
The goal of this entire project is to
investigate the feasibility of machines
with this new principle.
DESCRIPTION OF THE DESIGN
ONE-STAGE TURBINE-PUMP
The one-stage turbine-pump was designed for a 450 m head, 48 MW capacity and
1.8 m diameter.
The one-stage turbine-pump with controlled flow rate (TPCFR) comprises the
scroll casing (23) fixed inside of the secondary support concrete structure (24),
the distributor placed inside of the scroll
casing and secured to the scroll casing
body, the runner placed inside of the distributor and secured to the turbine shaft
(9), and the draft tube (30) attached to
the lower ring (17) of the distributor
(see Fig. 1 ) .
The distributor comprises the upper
ring (21), lower ring (17), guide vanes
(16) welded to the upper and lower rings,
and movable upper band (18). The movable
upper band (18) is made up of the outer
horizontal flange, outer cylindrical part,
flat bottom part and inner cylindrical
part, all forming a solid body. The lower
ring is formed by the outer cylindrical
part, flat top part and inner cylindrical
part. The horizontal flange of the upper
ring (21) of the distributor is fastened to
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the horizontal flange of the scroll casing
by means of studs (26) . The outer cylinder
of the lower ring is fastened to the vertical inner cylinder of the scroll casing by
means of studs (25). As seen from Fig. 1,
the fastening of the distributor to the
scroll casing by the horizontal flange and
vertical outer cylinder gives the distributor absolutely fixed position and good
rigidity. The outer cylinder of the movable upper band (18) is placed inside of
the inner cylinder of the upper ring (21).
The movable upper band is driven by the
vertical servomotors (37). The servomotor
guide rods (19) are fastened to the flat
bottom part of the movable upper band (18)
on one end and to the servomotor rod on the
other end by the servomotor rod connector
(39). The rubber seals (20) are placed
between the vertical inner lower cylinder
of the scroll casing and the outer cylinder of the movable upper band. There are
additional rubber seals (22) between the
inner cylinder of the upper ring and inner cylinder of the movable upper band.
The turbine cover (32) is fastened
rigidly to the upper horizontal part of the
scroll casing by means of studs (33) and
to the lug (45) of the upper ring by means
of studs (46). It is clear from Fig. 1
that the turbine cover, the horizontal
flange of the upper ring (21) and the
horizontal flange of the scroll casing (23)
are pressed together. This design provides the turbine cover with fixed and
rigid position.
The servomotor guide rod (19) which
moves the movable upper band (18) is
guided through the bronze bushing which is
tightly pressed in to the upper ring of
the distributor.
The servomotors are mounted on the
horizontal plate (44) which is welded to
the turbine cover (32) and the support
(38). The servomotor rod is also guided
by the bushing placed in this horizontal
plate (44). There are 4 servomotors and
the diameter of the servomotor piston is
200 mm. The pressure of the oil in the
servomotor is 70 kgf/cm2.
The outer cylinder of the movable upper band (18) has enough height to close
the water passage completely. The rubber
seal (20) between the scroll casing and
this cylinder will prevent the leakage of
water between them. In order to prevent
the leakage of water between the horizontal bottom of movable band (18) and the

I
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lower ring (17), a rubber seal (47) is installed in the groove of the lower ring.
This rubber seal is pressed by the adjustable metal ring (48) which is fastened to
the lower ring (17). It is obvious that
this seal is replaceable. This design
gives the upper movable band the ability
to function as a cylindrical valve.
The labyrinth seal (43) for the runner is mounted to the inner cylinder of the
movable band (18).
The runner comprises the lower ring
(2), upper ring (4), runner blades (1)
welded to the upper and lower rings,
streamlined hub (3), hub extension (14),
connecting ring (5) and upper cover disk
(6) of the runner.
There are 15 runner blades (1) and
each blade is designed for the minimum
height of the water passage ((bo)opt), the
upper part of the blade is a vertical extension of the blade cross-section at
bo = (bo)opt. The runner blades (1) are
welded to the lower ring (2) of the runner. The streamlined hub (3) of the runner is then placed on the lower ring (2) of
the runner, the runner blades passing
through the slots of the streamlined hub.
The upper ends of the runner blades (1) are
welded to the upper ring (4) of the runner.
The connecting ring (5) is welded to the
upper cover disk (6) of the runner and they
form a solid piece which is placed on the
streamlined hub (3) of the runner and fastened to it by means of cap screws.
The guide pivot (49) is secured to
the upper cover disk (6) on the upper side
by cap screws and screwed to the streamlined hub (3) on the lower side and it
passes through the hole in the upper ring
(4). While the guide rod guides the
streamlined hub (3) and the upper cover
disk (6) assembly during its vertical movement, it also gives additional strength to
this assembly. The alternate guide pivots
(49) are left with holes in them in order
to direct the flow from the space between
the turbine cover (32) and the upper cover
disk (6) to the downstream of the runner
blades (1), therefore reducing the excess
pressure in that space. The leakage of
water in that space to outside is prevented by the labyrinth seal (35) between the
hollow turbine shaft (9) and the seal supporting disk (34) which is mounted to the
turbine cover (32).
The streamlined hub (3) of the runner
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is attached to the guide rod (8) by means of
studs (13). The streamlined hub extension
(14) in turn is mounted to the streamlined
hub (3) by means of bolts (15). The bolts
(11) secure the upper ring (4) of the runner
to the hollow shaft (9).
During the regulation of the flow rate,
the cross-sectional area of the water passage is changed by the vertical movement of
the guide rod (8) inside the hollow shaft
(9) and the subassembly of the streamlined
hub (3), hub extension (14), connecting ring
(?) and the upper cover disk (6) of the runner. The lubricating oil provides the
smooth sliding of the guide rod (8) in the
hollow shaft and the bushing (10) guides the
rod (8). The leakage of oil between the
guide rod and the hollow shaft is prevented
by the rubber seals (12) mounted to the upper ring (4) of the runner.
The vertical movement of the guide rod
(8) is provided by regulating the pressure
of the oil in the servomotor on the upper
and lower sides of the piston (7) mounted
to the guide rod (8). The oil supply to the
servomotor in the hollow shaft is similar
to that used for adjustable blade turbines.
Guide bearing (41) is the conventional
oil-lubricated type bearing.
The draft tube (30) is attached to the
support disk (28)' which is in turn mounted
to the lower ring (17) of the distributor
by means of cap screws (29). The labyrinth
seal (27) attached to the lower ring (2) of
the runner and inserted into the grooves of
the draft tube flange reduces the water loss
from the upstream of runner to the draft
tube.
The governor of the machine is similar
to the governors of conventional Francis
turbines. The only difference is that the
servomotors of the distributor have to be
synchronized with the servomotor in the
hollow shaft of the turbine.

TWO-STAGE TURBINE-PUMP
The layout of two-stage TPCFR is shown
in Fig. 2. The two-stage TPCFR is designed
with the stages having the same hydraulic
parameters, i.e., the same geometry of the
water passage and the same diameter of the
runner.
The main differences in the designs of
the mechanism of flow rate regulation for
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one-stage and two-stage TPCFR are in the
runners, shaft, shaft support and second
stage distributor.
The first stage streamlined hub (3)
of the runner is not driven directly by the
guide rod (8) in the hollow shaft (9), but
by means of a special connecting cylinder
(71). The connecting cylinder (71) is made
from two halves and connected to the upper
cover disk (66) of the second stage runner.
The second stage runner is essentially the same as the one-stage machine runner, except for two differences. The first
difference is that the upper cover disk
(66) has a longer cylindrical part and an
additional inner disk which is secured to
the connecting cylinder (71) by means of
screws (73). The connecting cylinder
transfers the vertical motion of the upper
cover disk of the second stage runner to
the streamlined hub (3) of the first stage
runner. The second difference is that the
streamlined hub (63) of the second stage
runner is not connected directly to the
guide rod (8) but to the carrying arms
(76 and 93).
The design of the upper part of the
turbine shaft (9) above the first stage
runner is similar to that of a one-stage
machine. However, the diameters of the
piston inside the turbine shaft and the
flange of the shaft are larger in order to
provide a larger force by the servomotor
in the shaft. Also the flange for connecting the first stage runner to the turbine
shaft (9) is wider in the two-stage machine. The diameter of the shaft below
this flange is smaller, since the torque
on the shaft between the two stages is
half of the torque on the upper part. The
lower flange of the turbine shaft is used
to attach the second stage runner to the
shaft and the diameter of this flange is
smaller because of assembly requirements.
The lower end of the turbine shaft is
tightly pressed into the opening of the
upper ring (64) of the second stage runner.
There are two bushings (10 and 50) on the
turbine shaft located between the runners.
They direct the movement, of the connecting
cylinder (71) and each bushing is made of
two half cylinders. The turbine shaft (9)
is hollow like in the one-stage machine
and the guide rod (8) secured to the piston
(7) of the servomotor is placed inside the
shaft (9). The diameter of the shaft hole •
and consequently the diameter of the guide
rod (8) are 320 mm. above the first stage
runner and 240 mm. between the runners.

321

The diameter of the guide rod below the second stage runner is 168 mm. It passes
through the bushing (51) mounted to the
hole of the shaft. This bushing directs the
motion of the guide rod (8). The vertical
movement of the guide rod (8) is transferred
to the streamlined hub (63) of the second
stage runner by means of two carrying arms
(76 and 93) which are inserted into the
rectangular holes in the guide rod (8). The
upper arm (76) is placed in the groove of
the streamlined hub (63) and secured to it
by the screws (77). The lower arm is perpendicular to this upper arm (76) and is also fastened to the hub (63). Both arms pass
through the openings in the turbine shaft
wall so that they can move up and down with
the guide rod (8) in the range of regulation
(in our case 90 m m ) . The arms (76, .93) are
also secured to the guide rod (8) by means
of screw (78). The rubber seals (12) on
the turbine shaft above the opening for the
upper carrying arm (76) prevent the leakage
of oil. These seals (12) are pressed by the
ring (94) which has two partial flanges in
the opening for the arms. The labyrinth
seal (72) between the upper cover disk (66)
of the second stage runner and the inner
cylinder of the upper ring (52) of the second stage distributor is mounted on the
inner cylinder of the upper cover disk (66).
The hollow shaft (9) has a solid extension
(79) which is secured to the turbine shaft
by the screws (80). Since there is almost
no torque acting on the shaft below the second stage runner, the shaft extension (79)
is this and the connection to the shaft (9)
does not have to be very strong. The only
torque is due to the friction in the water
lubricated lower guide bearing (81). This
bearing is necessary in order to eliminate
the shaft beat (the shaft of the two-stage
machine is approximately 3 tn. long compared
to the 1.2 m. long shaft of the one-stage
machine). The lower guide bearing (81) is
mounted inside of the metal base (82) and a
water pipe (85) supplies the clean water for
the lubrication and cooling of the bearing.
The second stage distributor comprises
the lower ring (60), upper ring (52), stationary guide vanes (86), movable guide
vanes (55) and movable upper band (54). The
stationary guide vanes (86) are welded to
the lower and upper rings (60 and 52) and
they form a rigid structure. The lower
ring (60) is pressed tightly in the cylindrical recess of the lower turbine cover
(58) and secured by means of studs (87).
The lower turbine cover (58) itself is
tightly pressed into the recess in the horizontal flange of turbine housing (23) and

secured to it by means of bolts (59), the
heads of which are in the secondary concrete structure (24). The lower ring (60)
is also secured to the lower turbine cover
(58).
This arrangement gives a fixed durable position to the second stage distributor. The movable upper band (54) has
slots through which the stationary guide
vanes pass. In the second stage, the movable upper band (54) does not function as
a valve since it is sufficient to have one
valve for the machine (the movable upper
band (18) of the first stage distributor).
Therefore the outer cylinder of the movable
upper band of the second stage distributor
is shorter than that of first stage and it
goes inside of the groove in the upper ring
(52).
The inner cylinder of the movable
upper band (54) has similar design as the
first stage and at the top position it goes
inside the other groove of the upper ring
(52).
The second stage distributor has
also four movable guide vanes (55). These
movable guide vanes (55) are uniformly distributed between eight stationary guide
vanes (86). The lower ring (60) has several slots under each movable guide vane (55)
which permit it to go down inside the ring.
The movable guide vanes (55) are casted together with upper (88) and lower (57) journals. The upper journal (88) passes
through the hole in the movable upper band
(54) and a nut (89) presses the upper end
face of the guide vane (55) to the movable
upper band (54). The lower journal (57) is
connected to the second stage distributor
servomotor rod (90) by means of connector
(91).
The lower journal (57) passes
through the bronze bushing (62) in the lower turbine cover (58) and the upper journal
(88) is guided by the bushing (63) in the
upper ring (52) of the second stage distributor. There are four second stage
servomotors (56) mounted to the lower turbine cover (58) by means of brackets (92).
These servomotors (56) provide the vertical
motion of the movable upper band during the
regulation period.

In our analysis

i s the height of a guide vane
at any time,
ls

W
n
'11

is the efficiency of the turbine,
is the head of the turbine,
H
u=7r-n/3O is the angular velocity of the
runner (1/sec),
U=wr
is the corresponding velocity,
g
is the acceleration of free
fall,
(3Q
is the angle between the vector of absolute velocity V.
and the tangential unit
vector § Q at point 0,
By

is the angle between the vector of relative velocity $.
and the tangential unit
vector e 2 at point 2 and

E2

is

HYDRAULIC ANALYSIS
The flow rate and thus the power of
TPCFR can be regulated by moving the adjustable hub and band along the axis of the
machine (in case of a multi-stage machine
this has to be done simultaneously at each
stage). This can be shown in the turbine
mode for a simultaneous movement of the
adjustable hub and band as follows:
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Vb0min'

is the radial coordinate in
the cylindrical system,
is the value of r for the
point 0 of intersection of the
outlet edge of a guide vane
with an arbitrary streamline
in the water passage,
is the value of r for the
point 2 of intersection of the
outlet edge of a blade with an
arbitrary streamline in the
water passage for a certain
value of L_,
is the length of a segment along the outlet edge of a
blade connecting point 2 and
the point of intersection of
the outlet edge with the lower ring,
is the tangential component of
the absolute velocity,
is the meridional component of
the absolute velocity,
is the radial component of the
absolute velocity,
is the relative velocity,
is the speed of the turbine
(rpm),
is the specific speed,

the angle between the
streamline and a vector perpendicular to the outlet edge
at point 2.

The flow rate according to Fig.3 is

Q=J 2-ir-r2-Vm2'cos(e2).dJl2.

(1)

V

u0=Vr0/tan(V

(7)
(8)

Fig.

3.

Cross-sectional view of runner
and distributor.

Fig. 4 shows the development on the
plane of cross-section of the outlet edge
of the blade by a surface of revolution
formed by an arbitrary streamline in the
meridional flow. From Fig. 4 it can be
seen tnat

(2)
where U,=wr .

From (1) and (2) one ob-

tains
Fig.

)2
= 2-ir-

4.

Kinematics of flow at runner
outlet.

By combining equations 3, 4 and 8,
one receives
•tan(62)'d!>2,

(3)

and from Euler's equation one has

cos(e2)'tan(62)«dJ!,2)
where V ,'r, is the moment of absolute veul 1
locity about the axis of the turbine before
the inlet edge of a blade. In fact
V

.r =V

«r

(l+(l/bo-tan(eo)))-j cos(e2)
0

(5)
•tan(62)'d«,2)

because hydraulic losses between the guide
vanes and the inlet of the runner are negligible and the flow is axisymmetrical.
The flow in the distributor is uniform and
from Fig. 3 it follows that

(9)

If the generalized mean value theorem3
is employed and both sides are divided by
D 1 2 - H ° * S , Equation 9 becomes

(6)
and since
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(l/((cos(e2)-tan(e2))(2)-L2))

+l/(bo-tan(3o))),

b

(10)

where r ^ r
^ L2=L2/Di a n d
and superscripts (1) and (2) indicate the
mean values. The Equation 10 can be written as

/((l/((cos(e 2 )-tan(B 2 )) (2)

Omin=°-

The analysis of the power losses, in
the runner, distributor, draft tube (suction
pipe), scroll casing, during the transition
from scroll casing to the distributor, and
friction losses at the upper and lower
shrouds showed that TPCFR has almost flat
curves n=n(N/Nmax) for both turbine and
pump modes in comparison with Neyrpic and
conventional reversible machines (Figures
5 and 6 ) .
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Geometrical parameter A characterizes
the rate of deviation of the water passage
within the runner from strictly radial to
radial-axial. Only for a water passage
purely radial within the runner, Q.. is
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*2 and

60

(cos(e2)'tan(e_))
are two exact constants.
Clearly the construction of a radial
machine allows a design with b\, . =0, in
Umin
The formula for Q 1 for the pump

pump mode V I ' T ^ O and ^ 2

10

20

30

K/Nnux (70

Neyrpic one-stage turbine-puop v i t h controlled
discharge by distributor (N-3S MU. «>438 m.
K-750 rpm'. D-1.70 m)

mode differs from Equation 11, because in
=b

0

The o n e - s t a g e turbine-pump w i t h c o n t r o l l e d
d i s c h a r g e by changing t h e h e i g h t o f t h e runner
and s t a y r i n g (N-U3 MW. H-450 m, N-750 rpm,
D - 1 . 8 0 m>

which case Q.... can be changed from 0% to
100%.

50

o"

in the pump mode
Fig. 5.
•(cos(e 2 )-tan(e 2 )) (2) -b 0
where

Forecast topograms for one-stage
TPCFR.

The drastic decrease of efficiency in
Neyrpic turbine-pump for the powers smaller
than N
can be explained easily. The r e -

and (cos(e2)-tan(6 ))(2) relate

to the outlet edge in the pump mode, i.e.,
the inlet edge in the turbine mode. Therefore in the pump mode Q_. is always proportional to b Q , when it changes from b _ .
to £„_ . From Fig. 3 it is clear that for
Umax
a purely radial pump the design allows
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gulation of power in this machine i s provided by changing the vane angle in the d i s tributor. However, in the pump mode the
flow enters the distributor after passing
through the runner. Consequently, the
change of vane angle cannot change the flow
character in the runner, but only increases
the head losses in the distributor.
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N/Nmox (7.)

Two-atage turbine-pump with controlled discharge
(N-96.MW, H-900 m, N»75O rpm. 0-1.80 n)

Conventional two-atage turbine-pump
(N-96 MH. H-900 m, U-750 ryn, D-1.80 m)

Fig. 6.

Forecast topograms for twostage TPCFR.

RESULTS
The comparison of TPCFR with the conventional machine gives the following results.
In the turbine mode, both the conventional turbine-pump and TPCFR have approximately the same, ability to regulate the
power with high efficiencies as can be seen
in Fig. 5. In the pump mode, although
TPCFR can effectively regulate the power,
the conventional turbine-pump can only operate at one point with high efficiency or
regulate the power only by drastically decreasing the efficiency' (Neyrpic scheme) as
seen in Fig. 5. The cavitation factor for
TPCFR is approximately the same as that of
the conventional machine since both are
radial-axial machines. From the pulsations
point of view, in the turbine mode, both
machines will have the same pulsation le-
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vels. In the pump mode, both machines do
have strong pulsations in the distributor,
since the flow after the runner is unsteady.
However in the conventional machine the
guide vanes are not rigidly fixed, since
the upper and lower journals of the guide
vanes have to rotate freely in the bushings
mounted to the upper and lower rings.
Therefore the pulsations in the distributor
of the conventional machine causes strong
vibrations. This is the inherited disadvantage of the conventional turbine-pump
which drastically increases with the increase of head. In the turbine-pump with
controlled flow rate, the vanes are fixed
to the upper and lower rings (they are
welded to these rings). Consequently the
pulsations of flow will not produce vibrations, since the vanes and the upper and
lower rings form a heavy rigid, monolith
structure. The pulsations cannot produce
vibrations of the movable upper band either,
since they will be damped by this ring.
Consequently, from this point of view, the
turbine-pump with controlled flow rate is
more reliable. The weight calculations
showed that the weight of the distributors
of the conventional machine and TPCFR are
approximately the same, (the new machine
does not have the gate ring with servomotors, but it has the upper movable band
with servomotors). The runner with shaft
for the new one-stage machine is approximately 70% heavier than that of the conventional machine. However, TPCFR does not
require the operating valve which might
weigh as much as four times the weight of
the runner of the conventional machine.
Consequently the conventional one-stage
machine with the operating valve has to be
heavier than the one-stage TPCFR. It is
clear that the cost of labor for the production of TPCFR is higher, therefore it is
difficult at this stage to predict which
machine will be more expensive. However,
even if the cost of the new pump is accepted to be higher than that of the conventional pump by 20%, it is easy to show that the
new pump is economically better than the
conventional for storage of solar electrical
plant energy, because of its ability to regulate the flow rate in the pump mode. In
order to participate during peak time in
the utility grid with certain power, the
solar electrical plant with pumped storage
has to store a certain amount of energy
during sunny days.
From Fig. 7 it is clear that new pumps
can store energy of the solar plant continuously without waste, but the conventional
pumps working by steps inevitably waste en-

of 1109 MW, the ratio of sunny days in this
region is 80%, the efficiency of storage is
TI =0.8. The typical graph of insolation

ergy. This waste causes the increase of
installed power in the solar electrical
plant in order to accomplish the same requirements of energy.
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for the latitude 25°N was used for comparison (Fig. 7 ) . The result of the calculations is that the solar plant equipped with
two new pumps in combination with three
conventional pumps (in order to have continuous regulation, two of the new pumps
were sufficient) will have the installed
power of 500 MW. The solar plant equipped
with five conventional machines after optimization has to have an installed power of
552 MW. If the cost of 1 kWe of solar electrical plant is taken as $2000 and the
cost of the conventional pump is $100/kWe,
the cost of turbines is $100/kWe and the
cost of construction is $100/kWe, the solar
plant with storage equipped only with conventional machines will cost $1242.5/kWe.
The cost of the solar plant with storage
utilizing two new machines will be $1150.4
/kWe. Consequently the scheme with new machines- costs 8% less in this particular
case.
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The analysis of feasibility and prospects leads to the following conclusions.

? (MW)
Output of Solar

Electrical

It is feasible to use the turbine-pump
with controlled flow rate at the high head
conventional pumped-storage plants in combination with conventional machines. Two
or three machines with controlled flow rate
will provide the pumped-storage plant with
the ability to regulate the power continuously and with high efficiency in both pump
and turbine modes.

riant .

The most attractive application of the
new machine is the utilization of pump with
controlled flow rate in storage systems of
solar-electrical plants, wind-electrical
plants, etc., since this pump eliminates
the energy losses which are inevitable during operation of these plants.

(9

Iff 11

>tj

.J

12

1 3 / 14

iy\ 16

It is appropriate to begin the laboratory experiments of the turbine-pump with
controlled flow rate, since the hydraulic
analysis and conceptual design confirmed
the positive features of this machine.

t (h)

t j tij

b. ScoraRe Plant with Conventional
Punpa

Fig. 7. Pumped storage of solar electrical plant energy.
In the following comparison, these
assumptions were accepted.
The solar electrical plant has to work
two hours during the peak time with power
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There is an immediate demand of solar
and wind electrical plant storage systems
for rural areas of the U.S.A. In order to
satisfy this urgent demand it is possible
to start the technical design and production of small machines of this new type.
The power of these machines should be no
more than 1 MW. and the diameters no more

than lm. These machines will successfully
operate under a head around 100m.
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(2J Establish numerical models to study behavior of
reservoirs and obtain additional design and stability
criteria for reservoirs;
(3) Perform laboratory experiments to obtain supplementary
stability criteria;
(4) Perform field tests to establish final design and
stability criteria.
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(.2) Numerical analyses of the behavior of acquifers, salt
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to the program clan.
(3) Laboratory studies of aquifers are currently under
way. A contract has been signed with Louisiana State
University to perform laboratory studies of salt
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(4) A program plan for field studies of salt cavities
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of aquifers and hard rock caverns are to be preoared
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COMPRESSED AIR ENERGY STORAGE PROGRAM OVERVIEW
Walter V. Loscutoff
Pacific Northwest Laboratory
Richland, Washington 99352

ABSTRACT
The DOE compressed air energy storage (CAES) program consists of a group of interrelated studies directed at developing a new technology to improve the cost and efficiency
of electrical power utilization. The program has two major thursts — Reservoir
Stability Criteria Studies and Advanced Concepts Studies. The Reservoir Stability
Criteria Studies are aimed at accelerating the near-term application of conventional
systems. The Advanced Concepts Studies are directed at development of systems that require
little or no firing of the turbines with, premium fuels. The Pacific Northwest Laboratory,
as the lead laboratory in the CAES Program, assists DOE, Division of Energy Storage Systems
in program planning, budgeting, contracting, managing, and reporting.
In this overview, we summarize the CAES program, outline the specific tasks and
identify the performers, indicate progress on current tasks, point out anticipated activities, and examine significant milestones.
considered include coal gasification,
liquefaction, MHD systems, solar-thermal
augmentation, and nuclear waste heat of
decay.

INTRODUCTION
The Pacific Northwest Laboratory is
the lead laboratory for the Department of
Energy's Compressed Air Energy Storage
(CAES) Technology Program. As such, it is
responsible for assisting the Department
of Energy in program responsibilities
for planning, budgeting, contracting,
managing, reporting and disseminating information.
The CAES Technology Program is a series
of interrelated studies being performed by
national laboratories, universities, and
industry to improve the cost and efficiency
of electrical power utilization. It has two
major thrusts — CAES Reservoir Stability
Criteria Studies and Advanced CAES Concepts
Studies.
The CAES Reservoir Stability Criteria
Studies are directed at accelerating nearterm application of conventional CAES
concepts by the utilities industry. Its
major tasks are to establish design and
stability criteria for reservoirs to be
used by CAES plants. The CAES Advanced
Concepts Studies are directed at developing
advanced CAES systems for the future that
will require little or no firing of the
turbines with premium fuels. The efforts
are concentrated upon CAES systems with
thermal energy storage (CAES/TES) and on
CAES systems with coal-fired fluidized bed
combustion (CAES/FBC). Other concepts
333

In order to put the CAES Technology
Program into the proper perspective, let
me briefly describe the overall DOE CAES
program. There are two distinct programs
on the CAES concept within DOE as shown
in Figure 1: the Demonstration Program,
co-sponsored by EPRI and managed by three
utility companies, and the Technology
Program with PNL as the lead laboratory.
The Demonstration Program seeks to establish the feasibility and availability of
CAES to a utility, leading to a demonstration plant. The Technology Program
objectives are to accelerate the commercialization of CAES and explore advancements that will make CAES totally independent of any premium fuels such as natural
gas and oil. It is responsive to the
questions raised by the Demonstration
Program and works with the Demonstration
Program to maximize the efforts of the
two.
CAES TECHNOLOGY PROGRAM FOR FY-1978
At this meeting, we shall present
reports on progress in major tasks undertaken during FY-1978. Because of space
and time limitations, several tasks will
not be presented here either because they
were relatively minor or because they have

CAES RESERVOIR STABILITY PROGRAM OUTLINE
DOE CAES

EPRI CAES

PROQRAM

PROGRAM

TECHNOLOGY

DEMONSTRATION

MSS
PSI
PEPCO

Fig. 1. CAES Technology and Demonstration
Programs
been initiated only a short while ago.
The most important in the latter category
are the tasks established to perform field
studies in a salt cavity, to study the
technical and economic feasibility of coal
fired fluidized bed systems integrated with
CAES, and to perform laboratory studies of
salt specimens under simulated CAES conditions. These tasks have been initiated
and we expect activity to begin during
FY-1979. The other major tasks will be
presented by the principals involved. In
this overview, I would like to outline the
relationship that exists between the various
tasks.

Fig. 2. CAES Reservoir Stability Criteria
Studies
in porous rock via state-of-the-art
survey (PNL-Stottlemyre);
Develop preliminary design and
stability criteria for air storage
in salt cavities via state-of-the-art
survey (LSU-Thoms and Martinez):
. Initiate study to develop preliminary
design and stability criteria for
air storage in hard rock caverns
(RE/Spec-Gnirk)

A. Reservoir Stability Criteria Studies
The objective of this program is to
establish design and stability criteria
for CAES reservoirs. The program outlined
in Figure 2 consists of four phases:

. Start numerical studies of behavior
of salt cavities subject to CAES
conditions (SGI-Serata);

. state-of-the-art studies

. Perform numerical studies of the
behavior of porous rock reservoirs
(PNL)

. numerical modeling
. laboratory studies

. Start numerical studies on behavior
of hard rock caverns subject to CAES
conditions (RE/Spec-Gnirk);

. field studies
The three types of air storage reservoirs being considered for CAES are:

. Perform laboratory studies on effects
of CAES conditions on porous rock
(PNL and Wisconsin-Pincus)

. salt cavities
porous rock reservoirs

. Start laboratory studies on effects
of CAES conditions on salt cavities
(LSU-Thoms)

. hard rock caverns
The past year has seen a number of
milestones reached in terms of accomplishments and new starts. These include the
following items:
Develop preliminary design and
stability criteria for air storage

. Develop draft program plan for field
tests in salt domes (PNL-McSpadden);
A summary of the foregoing items is
shown in the milestone/accomplishment chart
shown in Table 1 together with anticipated
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reservoir. This heat would then be returned to the air before it is expanded
in a turbine, thus eliminating any need
for fuels. Another approach is to look
for other fuels to provide the required
heating of the air. One attractive concept is coal-fired fluidized bed combustion integrated with a CAES plant. These
various options are outlined in Figure 3.

Table 1. CAES Technology Program Milestones/Accomplishments
——

.

Fiscal *ear
1978

*.

6.

Reservoir Design and Stability Crttert*
1. Preliminary design and stability
criteria (state-of-the-art-survey)
a. Aquifers
b. Salt cavities
c. Hard rock caverns
2. NuMrical modeling
». Aquifers
b. Salt cavities
c. Hard rock caverns
3. Laboratory studies
». fajuifers
b. Salt cavities
c. Hard rock caverns
4. Full scale field testing
a. Aquifers
b. Salt cavities
e. Hard rock caverns
©
complete test program plan
<Z> i n i t i a t e testing program
5. Aquifer field optimization
Advanced CAES Concepts Studies
1. Plufdiicd Bed Combustion (CAES/FBC1
$
Initiate feasibility study
©
Initiate demonstration program
2. Adiabatic Systems (CAES/T£S)
©
Initiate demonstration orouram
3. Equipment Evaluation and Oeveloownt
a. Turbines
b. Compressors
c. 1C expander/compressor engine
4.
5.

1980

t

V

B

n

a

s

0

•7
^7

A

Coal 6is1f1tltton
Evaluation o'f Hex Concepts
a. Solar augmentation of thermal beds
b. Coal-driven H H ;
c. Nuclear waste heat

a
rip

as

.

7

Fig. 3. Advanced CAES Concepts Studies
During the past year, a number of
activities have been initiated leading
to several important milestones. The
milestones include the following:

completion dates where applicable.
Additional major action items in the
Reservoir Stability Studies include the
following:

. Complete evaluation of advanced
turbomachinery for CAES (ANL-Kartsounes);

. Start laboratory studies of hard
rock specimens subject to CAES (RFP);

Start technical and economic feasibility study of CAES/FBC systems
(UTRC-Giramonti);

. Develop program plans for field tests
of porous rock reservoirs and hard
rock caverns;
.

. Start solar augmentation study of
CAES/TES systems (MIT-Flynn);

Initiate field testing activities;

The ultimate objective of this portion of the program and the final milestone is to establish design and stability
criteria for reservoirs used for compressed air storage. This is to be
accomplished by 1981.

. Start feasibility study of CAES/TES
systems (PNL-McKinnon, MIT-Flynn);

B. Advanced Concepts Studies

. Examine MHD/CAES and nuclear waste/
CAES concepts (PNL-McKinnon);

The objective of this portion of the
program is to eliminate the dependence of
CAES plants on either natural gas or oil.
Advanced CAES plants could eliminate the
need for premium fuels. Plants currently
being considered for demonstration discard
the heat energy of compression. Thermal
energy storage concepts are being studied
which would extract and store the heat of
compression from air pumped into the air

. Perform numerical study on optimal
design of aquifer reservoirs (ANLAhrens).

Start design of internal combustion
expander/compressor engine (ANLKartsounes);

A summary of the foregoing issues is
shown in the milestone/accomplishment
chart shown in Table 1 together with
anticipated completion dates when applicable.
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Future major activities in the Advanced
Concepts Studies project include the
following:

Department of Energy, on risk insurance for CAES storage reservoir degradations.

. Initiate technical and economic
feasibility analysis of advanced CAES
for a utility;

A joint study by the Central Electricity Generating Board (CEGB) of
England and EPRI is looking at means
of improving the performance of compressed air storage schemes by the
use of thermal energy storage (TES).
Two approaches are being examined.
In one approach, adiabatic storage,
the TES is used to eliminate any
need for fuel. In the other approach
hybrid systems, TES is used to reduce
the premium fuel consumption by the
turbines. This study is more comprehensive arid complements the studies
funded by the Department of Energy.

. Complete evaluation of technical and
economical feasibility of advanced
CAES equipment;
.

Initiate demonstration program for
advanced CAES.

RELATED CAES ACTIVITIES
In addition to the DOE activities
discussed above, there are several other
on-going projects in CAES. A brief summary
of the major projects is given below.
. The CAES plant at Huntorf was commissioned in August, 1978, and commercial
operation of the plant began in October.
Since the basic features of this plant,
owned by Northwest deutsche Kraftwerke of
West Germany,, have been described elsewhere, only highlights of the plant are
given here. This is a 290 MW peaking
plant with a two hour discharge and an
eight hour charge time. The air is
stored in two salt cavities having
a total volume of 300,000 cubic meters
with pressures up to 70 bars. The
heat rate of this plant is 5500 Btu/
KWh. Plant construction began in
May 1975.
. The Kansas Utility Group, consisting
of six private utilities, has completed a statement of work to EPRI
for a Phase-2 study that will look at
the economics of CAES in Kansas. The
study will examine a detailed load
distribution model of a composite
system for the utilities and evaluate
the available options that include
combustion turbines, small coal-fired
units, and CAES. This study follows
the Phase-1 study, performed by
Black and Veatci . which was a geologic assessment of CAES in Kansas.
If CAES is found to be economically
feasible, Phase-2 is expected to be
followed with preliminary CAES plant
design.
. The International Research and
Technology Corporation, assisted by
Dames and Moore, is performing a
study, under a contract with the
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FLUID FLOW AND THERMAL ANALYSIS FOR CAES IN POROUS ROCK RESERVOIRS
L. E. W i l e s
C o - A u t h o r C. A . O s t e r
Pacific Northwest Laboratory
Richland, Washington 99352

ABSTRACT

The analysis described in this report is a continuation of work initiated at PNL in
FY-1977. A computer code was developed in FY-1977 to define the hydrodynamic and thermodynamic response to simulated mass cycling in a CAES dry porous media reservoir. The
code was based on one-dimensional radial transport of mass and energy. The capability
of the code has been extended in FY-1978 to include a one-dimensional, radial flow
analysis of the effects of vapor and liquid phase water on reservoir performance.
Parametric analysis included consideration of a range of injection temperatures, injection humidities, and residual water levels. Potential consequences of the presence of
water related to deliverability, thermal energy recovery, working fluid recovery, and
storage volume are evaluated. Also, two-dimensional modelling has been developed for dry
reservoirs to include the effects of gravity, vertical heat losses and the effects of
stratified permeability.
INTRODUCTION

terized by the one-dimensional modelling,
the delineation of the influences of the
vertical boundaries, potential stratification of permeability, and gravity effects
requires two-dimensional modelling. Code
development and analysis to this end was
also done at PNL in FY-1978.

The analysis of the hydrodynamic and
thermodynamic response to mass cycling in
CAES porous rock reservoirs is intended to
provide design guidelines for the efficient
and stable operation of the air storage
reservoir. The performance of the reserSummaries of these two efforts are prevoir depends on reservoir material propersented in this paper, which is divided into
ties, reservoir geometry, and operating
two sections. The first section deals with
conditions. The influence of many of the
water in the reservoir. The second section
important parameters was investigated at
covers the development of the two dimenPNL in FY-1977. That analysis made use
of a computer cede based on one-dimensional, sional code.
radial transport of mass and energy in a
I. THE EFFECTS OF WATER ON RESERVOIR
dry porous rock reservoir.1
PERFORMANCE
The capability of the code was extended
THEORETICAL DEVELOPMENT
in FY-1978 to permit the analysis of the
effects of water on reservoir performance.
BASIC ASSUMPTIONS
Potential problems or areas of concern related to the presence of water in the
In general, the hydrodynamic and
reservoir that could be evaluated with a
thermodynamic behavior of a CAES porous
one-dimensional model were identified.
rock reservoir can be characterized by
These include deliverability, thermal
a set of conservation equations that
energy recovery, working fluid recovery
describe the flow of an air-vapor mixture
and storage volume. It was the objective
and liquid water through a rigid porous
of this study to quantify the magnitudes
material. A number of assumptions must
of these effects. This was done by evalube made such that the resultant set of
ating the influence of injection temperature, injection humidity and residual water equations does not include terms irrelevant to CAES in porous rock reservoirs.
content on reservoir performance.
These assumptions are:
While the performance of the bulk of
. the air-vapor mixture is homogeneous
the reservoir and the influence of indiviand behaves as an ideal gas
dual parameters can be reasonably charac337 -

Conservation of energy in the
reservoir

. the rock porosity, density, and heat
capacity are constant;
. the rock is immobile;
. binary diffusion in the air-vapor
mixture is negligible;
. inertial effects are negligible;

A definition of nomenclature is given in
Table 1.

. the air-vapor mixture, liquid, and
rock are in thermal equilibrium;

Table 1. Nomenclature
. kinetic energy is negligible; and
c

. viscous dissipation of energy is
negligible.

<i
h
k

REDUCED EQUATIONS

K
m1

Additional assumptions were made to
facilitate this initial investigation of
the effects of water on reservoir behavior.
These include:

M
P
r
S

heat capacity
gravitational acceleration
enthalpy
effective permeability
thermal conductivity
evaporation rate
mass of working fluid 1n reservoir
fluid pressure
radial coordinate
water content, fraction of pore volume
time
temperature
internal energy
vertical coordinate

t

. the transport of mass and energy
occurs only in the radial, horizontal
direction;

T
u
z

. the liquid water is immobile; and

GREEK

»

. Darcy's law can be used to write the
fluid velocity in terms of the pressure gradient to eliminate the
momentum equation.

L
U

SUBSCRIPTS

With these assumptions the governing
equations reduce to the following:

a
s.

. Conservation of mass in the reservoir

m
r

s
V

z

3P»

vf r

.

liquid water
air-vapor mixture
radial coordinote
solid
water vapor
vertical coordinate

The reservoir geometry adapted to
this problem is shown in Fig. 1 where the
region of influence of a single well is
approximated as a cylindrical disc.

(2)

At the well boundary the mass flow
rate is continuously specified. During
the reservoir charging cycle the temperature and humidity are specified. During
reservoir discharge, or when the reservoir
is closed, the temperature and humidity
at the well are obtained from local
equilibrium conditions.

. Conservation of mass for the liquid
component
S P ) = -in1; and

air

BOUNDARY CONDITIONS

. Conservation of mass for the vapor
component
•3
3t

porosity
density
viscosity
percent of mass cycles

(3)
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RADIAL FLOW
IN POROUS MEDIA

Table 2. Reservoir Parameters

OUTER
BOUNDARY

Parameter

Reference Value

Geometry
Reservoir Diameter
Nell Diameter
Properties
Porosity
Permeability

400 f t (122 m)
7 In (18 cm)
20*
500 md

Rock Thermal Conductivity

Operating Conditions
Nominal Pressure
Mass Flow Rate
Injection

SINGLE WELL RESERVOIR
DIAMETER

50 atm (S070 kPa)

"•"'seCTt

Extraction

Fig. 1. Geometry of the 1-D Reservoir
Model

Initial Reservoir Temperature

The symmetrical arrangement of
adjacent wells, which would be charged
and discharged at about equal rates, suggests that the outer boundary of the
single well reservoir be insulated to
the transport of mass and energy.

< °

1

<>•»<> I e £ t
!00°F (38°C)

Table 3. Moisture Parameters

Injection Temperature
Residual Water as Percent
of Pore Volume
Injection Humidity

SOLUTION
A detailed outline of the solution
method of the governing equations is
provided in the FY-1978 Progress Report
to be published by PNL.

Reference Value

Range of Values

450vF
(232°C)
205

100-450
(38-232)
0-40

0 (dry air)

dry air - saturated
air at the Injection
temperature and
pressure8

The Injection humidity is limited by the maximum water vipor available In
atmospheric air. This was considered to be 0.0429, the units being mass of
water per unit mass of dry air; i . e . , the saturation condition of lOOOF (38°C)
air at atmospheric pressure. This limit applied to injection temperatures
aboie 276°F (I36°C).

ANALYSIS OF THE MOISTURE PARAMETERS
The parameters that were analyzed with
respect to dehydration and thermal development in the air storage zone are:

per foot (per meter) is used to imply the
unit of vertical measurement.
A complete specification of operating
conditions includes a schedule for the
injection and extraction of mass to and
from the reservoir. To develop this
schedule the following conditions were
applied to the reference reservoir:

. injection air temperature;
. injection air humidity; and
. residual water content.
The foundation for the analysis of
these parameters is a set of reference
values for the reservoir geometry, material
properties and operating conditions. The
values given to these parameters are shown
in Table 2. These values were fixed throughout this analysis.
The reference values and the range of
values investigated for the moisture parameters is given in Table 3.
The analysis was based on a reservoir
having unit vertical thickness. Thus,
wherever appropriate, the specification of
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. 40% of the cycled mass is stored in
the reservoir over the weekend;
. the weekdays are characterized by
alternating injection and extraction periods of 10-hours each,
separated by 2-hour intervals
when the reservoir is closed;
. the time averaged reservoir
pressure is the discovery pressure; and
. the percent of mass that is
cycled is 14.8%.

The reservoir pressure is the spatial
average pressure. The percent of mass
that is cycled is calculated from

sultant condensation. Thus, a dehydrated
region surrounding the well will grow during
mass injection. During reservoir discharge
the mixture will gain heat as it nears
the well, thus, gaining moisture as it
moves radially inward. Net dehydration of
the reservoir occurs by the eventual extraction of this moisture.

M
A

_ max

(5)

For these conditions, the weekly variation
of reservoir pressure for the reference
process of dehydration for various
reservoir is shown in Fig. 2. The discovery radialThelocations
is shown in Fig. 3. The
pressure was assumed to be 735 psi (5070
model predicts that the percent of pore
kPa).
volume filled with liquid water, which is
initially uniform at 20%, never exceeds 25%.
mm
This result for the reference reservoir
\
»m
IMitlU
satisfies the assumption of zero liquid
mobility which required that the water
/
content should never greatly exceed the
residual level. More importantly, the
model
suggests that for dry air injection,
/
pore plugging should not adversely affect
the deliverability.
mm ;/
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Fig. 2. Weekly Cycle of Reservoir Pressure, £
Beginning Friday at 8:00 p.m.
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Changes to the moisture parameters will
affect the dehydration rates and the rate
10 3&2-ft-RA0IUS
of thermal development of the reservoir.
(1L6 ID)
\
However, over the range of the values considered the characteristic behavior of the
2&.5fl-RADIUS
1(8.69 ml
processes of dehydration and thermal develop- 5 ment are identical. Thus, the description
of these processes, as interpretted from
the results obtained from the computer model,
1
1
i
\
are presented in this section. These
0
1
2
3
4
5
descriptions will be applicable, in general,
TIME, yrs
to all of the results of the parametric
study of the moisture parameters.
Fig. 3. Dehydration for Three Locations
(5-Yr History)
Dehydration
Evaporation will occur near the well
When heated dry air is injected into
until complete dehydration of this region
the reservoir it will exchange heat with
is achieved. Gradually, the dry region
the surrounding material by sensible heatexpands. The model implies that a sharp
ing of the rock and liquid water and by
interface exist between the dehydrated
evaporating some of the water. The end
zone and the region still containing
result is that the air-vapor mixture will
liquid water. The "dry front" is a term
be saturated and will be in thermal equili- used to define the location of this hypobrium with the rock and liquid water. When
thetical interface. When the water content
the air-vapor mixture moves radially outreaches zero for a given radial location
ward it will continue to loose heat to the
the dry front is defined to exist at that
surroundings. The mixture will maintain a
location. By this definition the growth
state of saturation by virtue of the reof the dry front is shown in Fig. 4.
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Fig. 5. Thermal Cycling During the First
Week of Reservoir Operation

Fig. 4. Radius of the Dry Front for the
Reference Reservoir
By the process of dehydration, water
may be removed from the well bore region
although it is not necessarily removed
from the reservoir. After 5 years of
continuous reservoir operation the model
shows that the total water removed from
the reservoir represents only-5.5% of the
original mass of water. The net increase
in reservoir storage volume is a mere 1.1%.
Thus, the dehydration process is quite
slow and should not, in general, be expected to significantly increase the potential
storage volume.

500
(260)

A
a- 4oo

sr

MAXIMUM WEEKLY
EXTRACTION TEMPERATURE

MINIMUM WEEKLY
EXTRACTION TEMPERATURE

Thermal Cycling and Thermal Growth

RESIDUAL WATER,

When the simulation of reservoir
operation begins the reservoir is at a
uniform temperature of 100°F (38°C). Air
is injected into the reservoir at 450 F
(232 C) and is extracted at the equilibrium
temperature adjacent to the well. Figure
5 shows the temperature variations
occurring in the near wellbore region during
the first week of reservoir operation.
While large temperature swings occur at the
well boundary, thermal cycling is observed
to be nearly non-existent within 14.0 ft
(4.28 m) of the well center. The volumetric
thermal capacity of the rock mass is large
enough to contain the injected thermal
energy very near the well. Net heating of
the reservoir beyond 14.0 ft (4.28 m)
occurs primarily by conduction.
The development of thermal cycling
predicted by the model, is shown in Fig. 6,
where the maximum and minimum weekly extraction temperatures are plotted as functions
of time for a dry reservoir and for the
reference reservoir. A significant reduction in thermal cycling at the well occurs
in the first year of operation. Beyond one
year the changes occur more gradually.
341

PERCENT OF PORE VOLUME
0*
20%

200
(93)

2

3
TIME, yrs

Fig. 6. Effect of Thermal Growth on Extraction Temperatures
By examination of Fig. 6 it can be
concluded that a significant percentage of
thermal energy injected into a reservoir
can be recovered during reservoir discharge.
The average thermal energy recovery over
the first 5 years of operation of the reference reservoir is about 81%. The dashed
lines in Fig. 6 represent the result for a
dry reservoir. The average thermal energy
recovery for the dry reservoir is about
82%. This comparison suggests that the
presence of residual water will have only
a small effect on temperature cycling arid
thermal growth.

INJECTION TEMPERATURE
This portion of the analysis establishes tha difference in the dehydration
rates associated with the spectrum of
possible injection temperatures. Also,
the coexistence of high temperature and
liquid water can dramatically increase
the potential for adverse geochemical
reactions. Thus, it is important to
quantify when such conditions might occur.
A reasonable lower limit of injection
temperature was considered to be 100°F
(38OC). An upper limit of 450°F (232°C)
was chosen as this represents the approximate maximum outlet temperature that can
be tolerated by currently available centrifugal compressors.

INJECTI ON TEMPERATURES, °F (°C)

100(381

In Fig. 7 the radius to the dry
front is plotted as a function of time
for each injection temperature.
10

20

30

50

TIME, wks

Fig.

INJECTION TEMPERATURES, °F(°C»

8.

Effect of Injection Temperature
on the Net Reservoir Dehydration
Rate

front moves beyond the region of thermal
cycling the dehydration rates slow as the
heat necessary for evaporation is available primarily by conduction. Another
cause of the decrease in dehydration rate
with time is that an increasing portion
of the injected air-vapor mixture is
stored within the expanding dry region.
That portion of the air is subsequently
extracted without having encountered any
liquid water.
INJECTION HUMIDITY
20

Unless it is otherwise defined the
reference to humidity in this report is
absolute humidity where the units are mass
of water vapor per unit mass of dry air.

30
TIME, wks

The moisture content of the injected
air is limited by the humidity of the
ambient air that is to be compressed.
Saturated air at 100°F (38°C) and 1 atm
(101 kPa) of pressure will have an absolute humidity of 0.0429. For a pressure
of 50 atm (5070 kPa) an absolute humidity
of 0.0429 can exist only if the temperature of the mixture is above 276°F (136°C).
Below this temperature the humidity of the
injected air-vapor mixture cannot exceed
the saturation conditions dictated by

Fig. 7. Effect of Injection Temperature
on Growth of the Dry Front
In Fig. 8 the rates of net reservoir
dehydration are shown. A time dependent
decrease in the dehydration rate, which is
most apparent for high temperature injection, characterizes the results. During
initial operation the dehydration in the
near well region is influenced by the
periodically high temperatures present
due to thermal cycling. When the dry
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the injection temperature and the reservoir pressure. This is shown in Fig.9.
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Fig. 9. Saturated Absolute Humidity at
50 atm (5070 kPa)
The effect of injected moisture on
the dehydration at a radius of 14.0 ft
(4.27 m) is shown in Fig. 10. The dehydration is obviously slowed by the inclusion of humidity in the injected air stream.
Also, local pore volume water content can
significantly exceed the residual levels,
which indicates that pore plugging may be
a potential problem.

Effect of Injection Humidity on
Dehydration

tion rates shown in Fig. 11 suggest that
the injection of moist air into the reservoir can result in the increase of the
mass of liquid water in the reservoir, the
region near the well bore can still be
dehydrated. The progression of the dry
front with time is shown in Fig. 12.
Although the dry fronts appear to move
outward rapidly, conservative reservoir
design will likely dictate that considerable
effort will be given to minimizing the
injection humidity.
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Fig. 12. Effect of Injection Humidity on
Growth of the Dry Front

\
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50

Fig. 10. Effect of Injection Humidity on
the Dehydration of the Region
Centered at a Radius of 14.0 ft
(4.27 m)
Reservoir dehydration rates are shown
in Fig. 11. Although the negative dehydra343

The results obtained from the model
suggest that for injection humidities
above those for which the net dehydration is negative, the temperature at
the dry front is characterized by the dew
point temperature
of the injected airvapor mixtu1"5. This is an important observation because, if the existence of
liquid water at this temperature
was known to produce adverse geochemical
reactions, then some dehydration of
the injected air stream would be
necessary.

The effect of injected moisture
on thermal growth in the reservoir is
shown in Fig. 13. When dry air enters
the reservoir the subsequent evaporation
will inhibit the thermal growth. In
contrast, the injection of moist air
results in a net increase of liquid
water in the reservoir due to condensation, and the thermal growth will be
enhanced because of the deposition of
latent heat.
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Fig. 14. Effect of Residual Water on
Dehydration Rate
30
(9)

RESIDUAL WATER,
PERCENT OF PORE V O L U M E ^ ^ —

20
(61

20*

^^-"^^

.

•
- — •

.

—

—

~

~

'

RADIIUS.

e

•SCKVOIItllUIIJS.lt M

Fig. 13. Effect of Injection Humidity on
Thermal Growth
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RESIDUAL WATER CONTENT
For reasonable values of residual
water content the thermal capacity of the
mass of water is not so large that it can
significantly affect the thermal behavior
and dehydration in the reservoir. Its
greatest impact would be to reduce the
storage volume. To obtain given mass flow
rates to a given size reservoir, a greater
percent of pore volume initially filled
with water will result in proportionally
higher pressure cycling.
The primary effect of residual water
on the dehydration can be deduced by considering Figs. 14 and 15. Although the
thermal development occurs at nearly identical rates, the reservoir having more
residual water has a higher dehydration
rate. Because the dry front moves radially
outward at a slower pace for the case having more residual water, the dry front is
in a region of the reservoir where the
temperature is higher. Since the temperature at the dry front is greater, the
extracted humidity will be greater. Thus,
the net reservoir dehydration rate is
greater even though the temperature of the
extracted mixtures would be about the same.
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Fig. 15. Effect of Residual Water on
Growth of the Dry Front
CONCLUSIONS AND RECOMMENDATIONS FOR FURTHER
STUDY
The results of the computer analysis
provide insight as to how the presence of
residual water in an aquifer CAES reservoir
may affect the performance of the reservoir.
More importantly, perhaps, the results can
be used to suggest how the presence of the
residual water will affect the areas of
concern outlined in the introduction.
Deliverability. It appears that high temperature injection may not be necessary in
order to avoid reduced deliverability due
to reduced relative permeability in the
vicinity of the wellbore. For a broad
range of conditions the computer model
predicts that comparatively rapid dehydration of the wellbore region is achieved.
Injection humidities may prove
to be very important with regard to the
integrity of reservoir deliverability.
Calculations show that pore plugging can

BASIC ASSUMPTIONS

result. Although a liquid mobility
model was not included in the analysis
the potential plugging problem is probably real. Conservative reservoir design
would, therefore, dictate that relatively
dry air be injected to the reservoir to
decrease the potential for pore plugging.

The basic assumptions applicable
to this problem are given in Section I
under the same heading.
REDUCED EQUATIONS

The additional assumptions applied to
Thermal Energy Recovery. In general, the
thermal capacity of the residual liquid
this problem include:
water in an aquifer CAES reservoir should
be small comparad to the total thermal
. the transport of mass and energy occurs
in the radial and vertical directions;
capacity of the rock in the reservoir.
Thus, variations in the residual water content will not have a large effect upon the
. the reservoir and the air are dry;
overall thermal development of the reservoir.
and
Thermal energy recovery will be affected
by the humidity of the injected air stream,
. Darcy's law applies.
although the effect will be small.
With these assumptions the governing
equations reduce to the following:
Working Fluid Recovery. The injection of
dry air resulting in net evaporation will
increase the working fluid available in
Conservation of mass
the reservoir. Net condensation of moisk
ture injected into the reservoir results
r
in a loss in the amount of working fluid.
Thus, it may be necessary to weigh the
importance of thermal energy recovery
(6)
against working fluid recovery. However,
it is suggested by the model that there is
relatively little to be gained or lost in
Conservation of energy
the balance between the two. It would
seem to be more important to consider the
potential pore plugging problem.
s s
Storage Volume. The presence of residual
1 3 / u
water in the pore structure of the reserF 3? (p a h a ••- 3 r '
3z PaV"
voir rock reduces the potential storage
volume. The process of dehydration should
, 1 3
(7)
not, in general, be expected to signifir zr
3?
cantly improve this situation. In fact,
if the injected air is not relatively dry,
BOUNDARY CONDITIONS
the deposition of moisture in the reservoir
could reduce the storage volume.
The geometry adapted to this twodimensional analysis, is shown in Fig. 16.
Further Study. These conclusions regarding
The radial boundary conditions are similar
the potential problems associated with
residual water are subject to the assumptions to those specified for the one-dimensional
analysis. At the well boundary, however,
made in the numerical model. The two most
pressures are specified that were computed
limiting assumptions of the model are zero
liquid mobility and instantaneous saturation by the one-dimensional dry model of FY-1977
to provide approximately constant mass
of the air-vapor mixture. Adjustments of
flow rates.
the governing equations can be made to
include liquid mobility. Improvements
The boundaries between the porous
to the prediction of the rate of evaporazone and the caprock and basement rock are
tion will require inputs from an expericlosed to mass transfer. Heat is lost to
mental program scheduled for FY-1979.
these regions by conduction.
II. TWO-DIMENSIONAL ANALYSIS OF DRY
SOLUTION
RESERVOIRS
Details of the solution method are

THEORETICAL DEVELOPMENT
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GEOMETRY

Table 4. Additional Reference Conditions
Applied to the 2-0 Analysis
WELLBORE DIAMETER
Reference Value

Parameter
Geometry

3 ^ OVER-

=£3

37.5 f t {11 m)

Caprock Thickness
Storage Zone Thickness

]00 f t (30 m)

Basement Rock Thickness

50 f t (15 m)

Properties (Basement Rock and Caprock)

CAPROCK

Permeability

0

Porosity

0

Operating Conditions

POROUS
ROCK

Injection Temperature

450°F (232°C)

Well Pressures

Computed by code developed
in FY-1977 to approximate
flow rates given i n Table 1

BASEMENT ROCK
-RESERVOIR DIAMETER'

Fig. 16. Geometry of the 2-D Reservoir
Model
l.OP-ll- RADIUS

available in the FY-1978 Progress Report
to be published by PNL.
5.38-H- RADIUS

ANALYSIS OF VERTICAL EFFECTS

\

The intent of this analysis is to
quantify the influence of vertical boundaries, stratification of permeability, and
gravity on the performance of a dry
reservoir.

i ]}-lt RADIUS

1 B0-I1-RADIUS

\

S
300
11491

400
TOI

ItMPlR'T^t. "F I°CI

The reference conditions given in
Table 2 were used in this analysis.
Those conditions apply to the storage
zone. Additional parameters are given
in Table 4. Material properties such as
permeability and thermal conductivity were
assumed to be isotropic. The weekly
charge and discharge cycle as described in
Section 1, was applied. The overburden
was assumed to be a thermal insulator.
The geothermal gradient
was taken as
0.02°F/ft (0.12 8 C/m).
ANALYSIS OF THE REFERENCE RESERVOIR
The analysis of the reference reservoir permits an evaluation of the influence
of the vertical boundaries and gravity on
the performance of the reservoir. This
analysis can also be used to judge the
usefulness of the one-dimensional modeling.
Temperature profiles are shown in
Fig. 17 for a homobeneous, dry reservoir.
This result was obtained after completion
of the final charging cycle of the first
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Fig. 17. Temperature Profiles in the
Homogeneous Reservoir
week of simulated reservoir operation.
The temperature profiles indicate that
very little thermal energy is lost to the
caprock or basement rock. Since there is
no convection in the caprock or basement
rock then the model dictates that thermal
energy transport depends entirely on conduction, which is extremely slow. The
result also indicates that buoyancy effects
are not significant in the homogeneous
reservoir. Heating of the rock occurs
somewhat uniformly in the radial direction.
Thus, there are no significant vertical
temperature differentials to create a
noticable buoyancy component.
The thermal development and pressure
cycling in the bulk of the reservoir agrees
with that predicted by the one-dimensional
model. Thus, the one-dimensional model can
be used to characterize the performance of
the bulk of a homogeneous reservoir with
equal accuracy but at a much lower cost.

STRATIFIED PERMEABILITY
A horizontal layer (i.e., a cylindrical disc) having a permeability of 50 md
was defined to exist between zones having
permeabilities of 500 md. The layer was
15 ft (4.6 m) thick and was centered halfway between the caprock and basement rock.
In Fig. 18 vertical temperature profiles are shown after completion of the
final charging cycle of the first week of
simulated reservoir operation. The results
show that thermal development of the low
permeability zone is significantly diminished. However, comparison of Figs. 17
and 18 show that thermal development of
the 500 md zones, and the caprock and basement rock is not noticeably affected by
the presence of the low permeability layer.
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Fig. 18. Temperature Profiles tn the
Stratified Reservoir
CONCLUSIONS AND RECOMMENDATIONS FOR FURTHER
STUDY
A two-dimensional model was developed
to analyze the performance of dry, nonhomogeneous reservoirs. Initial analyses were
performed to evaluate vertical heat losses
and gravitational effects, both of whfch
appear to be small. Also, the results show
that the one-dimensional model developed at
PNL in FY-1977 is an equally valid tool for
describing the performance of the bulk of
a homogeneous reservoir.
The capability to analyze nonhomogeneous reservoirs and other vertical
transport effects has been demonstrated.
Continued code development is planned for
FY-1979 to improve the efficiency of the
calculations. A parametric evaluation of
possible nonhomogeneous reservoir struc347

tures will follow successful completion
of that effort.
In addition, temperature and pressure
profiles computed by the two-dimensional
code are necessary for evaluation of the
potential for failure of reservoir integrity due to thermo-mechanical stress
behavior. Thus, data from the code will
be used as input to the stress analysis.
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THERMO MECHANICAL STRESS ANALYSIS OF POROUS ROCK RESERVOIRS
J.R. Friley
T.J. Doherty
Pacific Northwest Laboratory
PO Box 999
Richland, Washington 99352

ABSTRACT
Stress levels in a generic porous rock compressed air energy storage site were
investigated. Site loadings considered thermal, pore pressure, and in situ effects.
Loading conditions simulated site operation for approximately one year of reservoir
charging and discharging. Structural concerns focused primarily on tensile stress and
fatigue stress magnitudes. In addition, the reservoir structural response due to
tensile fracture of the cap rock region was investigated.
For the conditions studied, fatigue stress levels were observed to be greatest in
the porous material. These stresses decreased with age of reservoir operation and with
distance from the well bore. Tensile stresses were observed to be greatest in the
cap rock. While the tensile stress magnitude will most likely depend on site dependent
overburden characteristics, mechanisms thought to cause this tensile behavior were
postulated.
While lack of site dependent information precluded interpretation of localized
fatigue and fracture stress levels, it is felt that several salient features of cap
rock and porous rock structural behavior in a porous rock reservoir were illustrated.
INTRODUCTION
Structural behavior of a porous rock
reservoir subjected to loading conditions
of compressed air energy storage operation
at elevated temperatures is, as yet, not
fully known. No such operational facility
exists today. In addition, scale model
testing of such a concept has not been
carried out at this time. In order to
gain some insight regarding these unknowns
and perhaps to aid in performing testing in
a more enlightened fashion, structural
analyses with assumed site geometry and
material properties have been carried out.
This paper discusses these initial investigations.
BACKGROUND
Structural features of a porous rock
reservoir can best be described with
reference to Figure 1. Air is compressed
and forced down the well bore during
periods where excess generating capacity
is not needed. Non permeable cap rock
and base rock provide for vertical containment of the air while radial containment is provided by means of interstitial
water contained in the outer regions of
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Fig. 1. Cross Sectional View of a Typical
Porous Rock Site
the porous body. During peak demand, air
is drawn from the porous zone to produce
power.
Structural loading of the cap, porous,
and base rock masses is caused by several
sources. In situ loading is caused by
horizontal and vertical stress fields originally existing in the rock forms. The
vertical stress level is approximately
equal to the stress resulting from the
overburden loading. The horizontal compo-

nent depends largely on the tectonic activity of the site region. Both vertical and
horizontal stress components are likely to
be compressive.
The structural behavior due to air
pressure in the porous zone will depend on
several factors. These factors include:
the rock porosity, the spatial dependency
of the pressure, and the micro elastic
characteristics of the porous rock fabric.
Another significant structural loading
method is that of non-uniform temperature
distributions within the rock masses
affected. Heat from the compressed air
flows primarily radially in the cap rock
and the porous rock. In the cap rock, this
heat flow is by conduction. In the porous
material, however, heat is transported by
conduction and by flow effects as well. As
a result of this difference, thermal effects
can be expected to decay more rapidly in
the cap rock than in the porous rock, and
isothermal lines will appear/some what like
a bottle as shown in Figure 1.
The radial temperature gradient in
both the porous and nonporous rock has a
pronounced effect on rock stresses. In
the cap rock, hot areas near the well bore
location tend to expand and thus stretch the
cooler outer regions. This characteristic
tends to induce compressive radial and loop
stresses near the well bore. The cooler
outer rock resisting the expansion will
incur tensile loop or circumferential
stress levels.
In the porous rock, radial temperature
gradients will tend to cause the same structural behavior as in the cap rock. Since
thermal gradients in the porous material are
less severe, however, the stress levels will
likely be less pronounced.
In addition to radial expansion and
compression, another thermal response mode
exists. As the large central region of
porous rock heats up, vertical expansion is
attempted. As a result, upward loading on
the central portion of the cap rock will
occur. This will tend to produce flexure
or bending stress behavior. As a result,
tensile stress will form on the top of the
cap rock and compressive stresses on the
bottom. The magnitude of this flexural
stress trend will depend upon:
.

. the flexural stiffness of the cap
rock
. the compliance of the overburden above
the cap rock
Loading conditions discussed thus far
are essentially independent of daily cyclic
fluctuations of charging and discharging.
Cyclic stress levels induced by alternating
periods of charge/discharge could have
significant structural effects if fatigue
stress limits of the materials involved
are exceeded.
PROJECT DESCRIPTION
In order to gain insight into structural behavior, a generic site description
was hypothized and analyzed numerically.
Since structural effects are likely to
change from initial charging to steady
state operation, various times during
the site operation were studied. These
times included initial start up through one
year of simulated operation.
The structural analysis was preceded
by an independent thermal/flow analysis
discussed in Reference 1. The theory
on which the structural analysis was based
assumed that the thermal and flow responses
were uncoupled from the mechanical behavior.
This assumption tends to be valid for problems in which the pore structure is stiff
when compared to the flow medium which, in
this case, is air. Further discussion of
structural behavior of porous bodies subjected to a flow environment may be found
in References 2, 3, and 4.
Both analysis phases of this study
(the thermal/flow as well as the structural) assumed axisymmetric models. The
geometry of this generic site is shown in
Figure 2.
The analysis procedure on which the
structural behavior was based made use of
the poro-elastic formulation^ and the
finite element method^. The elastic stress
strain relationship in this case takes
the following form when using indicia!
notation.
(1)
(1-B)P+<*T

the axial stiffness of the porous
zone
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(2)

Table 1. Rock Mechanical Properties
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burden loading of 562 psi which is equivalent
to a depth of about 560 ft. Horizontal
stress will occur due to the radial restraints at the outer portion of the model.
These features are illustrated in Fig. 2.
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Fig. 2. Model Geometry and Finite Element
Mesh Used for Structural Analysis
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RESULTS
Due to space limitations, only structural results corresponding to the first
and last weeks of site simulation will be
presented here. Figures 3 and 4 show
isothermal plots of these two conditions.
These figures illustrate the radial growth
of thermal effects with increased simulation
time. Pore pressure loadings for both of
these cases were about 690 psig and quite
uniform throughout the porous media with
a variation of only about 25 psig.

stress tensor
pore pressure
rock porosity
Kronecker delta
elasticity tensor
total strain tensor
free strain
Poison's ratio
Young's modulus
coefficient of thermal expansion
temperature
bulk modulus ratio of porous
rock to interpore material

-«-250

•160

(.25 assumed after ref. 1)
-.1-260

Equilibrium equations take the form:
1 , = 0,0.

(3)

Where (, j) denotes partial defferentiation
with respect to the j*" coordinate direction. The above equations were formulated
by using a modified version of the finite
element computer code AX1S0L5.
Fig. 3. Thermal Distribution After One
Week of Simulation (°F)

Material properties used for the
structural analysis were chosen to represent typical values of shale for the cap
and base rock forms and typical values for
sandstone for the porous rock. Numerical
values used were taken from Reference 6
and are shown in Table 1.

Plots of maximum tensile stress and
maximum shear stress for the two cases
considered are shown in Figures 5 though
8. These results show the effect of the
increased thermal zones in all three rock
forms. In particular, the differences in
Structural analyses were performed
tensile stress results between week 1 and
for various loading conditions of temperature week 53 indicates the degree of cap rock
and pore pressure encountered during the
flexure caused by vertical thermal growth
first year of site simulation. In situ
of the heated porous zone.
effects were simulated by using an over351

Fig: 4. Thermal Distribution After 53
Weeks of Simulation (°F)

Fig. 7. Contour Plot of Maximum Shear
Stress (psi) After One Week of
Simulation

Fig. 5. Contour Plot of Maximum Tensile
Stress (psi) After One Week of
Simulation

Fig. 8. Contour Plot of Maximum Shear
Stress (psi) After 53 Weeks of
Simulation

.200
1400

400

The magnitude of daily fatigue or
cyclic stress level was investigated by
analyzing the model for stress differences
at the minimum and maximum loading conditions occurring during the daily cycle.
For these conditions, temperatures at the
well bore were 250°F and 450°F. Corresponding input pressure values were 690 psig and
735 psig, respectively.

1000

Thermal response to daily cycling
was observed to occur in the vicinity of
the well bore. Pressure changes in the
porous zone, however, were somewhat uniform
and followed the well bore pressure very
closely.

200

Fig. 6. Contour Plot of Maximum Tensile
Stress (psi) After 53 Weeks of
Simulation

Fatigue stresses (shear stress) are
shown in Figures 9 and 10. As can be
352

This incremental procedure was carried
out for several time steps during the one
year simulation. As a cracking threshold,
300 psi was assumed to be representative
of shale tensile strength.
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Patterns of damaged rock resulting
from the analysis procedure mentioned above
are shown in Figures 11 and 12 for the
first and last week of site simulation,
respectively.
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Fig. 9. Fatigue Stress Trends on the
Bottom Region of the Cap Rock
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Fig. 11. Region Affected by Tensile
Fracture (300 psi) After One
Week of Simulation
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Fig. 10. Fatigue Stress Trends in the
Central Region of the Porous Rock
seen, fatigue stresses tend to be greatest
near the well bore and diminish considerably
with increasing radius. In addition to this
trend, it can be observed that fatigue
stresses tend to be greatest during initial
periods of operation and tend to diminish
with time.
The analyses discussed thus far assumed
that material behavior was elastic; that
is, no allowance of material cracking was
considered. Rock is notorious for its
lack of tensile strength and it is likely
that the tensile stress shown in Fig. 6
will result in some localized cracking.
In order to gain some insight into
the effects of cracking, another sequence of
analyses was performed. In this sequence,
temperature and pressure loading was applied
and material stiffness in the direction of
maximum tensile stress was assumed to vanish
if that stress exceeded some threshold
value. These new material properties were
then used with later load conditions.
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Fig. 12. Region Affected by Tensile Fracture (300 psi) After 53 Weeks of
Simulation
CONCLUSIONS
The stress results presented here
were arrived at by analyses based upon
several important assumptions. The degree
to which these results depict reality
depends of course on the adequacy of

these assumptions.
Particularly important in this regard
is the assumption dealing with cap rock
shape and overburden stiffness. The
assumptions dealing with flat cap rock
and no overburden stiffness will most
likely yield results which show large
cap rock flexure when compared to a model
which assumes a domed cap rock with stiff
overburden. Thus, the severity of tensile
stress levels and the degree of cracking is
probably conservatively estimated by the
analyses performed.
The stress levels in the immediate
vicinity of the well bore should be interpreted with the knowledge that localized
effects due to the well casing and its
attachment to the rock forms were not
modeled. Global structural trends of site
behavior were the objective here, not
localized effects. The consequence of
fatigue stresses in the well bore vicinity
will be influenced not only on the fatigue
characteristics of intact rock samples
but also on the extent of fracturing
which occurs during the drilling process.
REFERENCES
1.

Wiles, Larry E., "Analysis of CAES
Porous Rock Reservoirs", Proceedings
of the First Annual DOE Contractors
Review Meeting for Mechanical and
Magnetic Energy Storage, Luray, VA,
1978.

2.

Lubinski, Arthur, "The Theory of
Elasticity for Porous Bodies Displaying a Strong Pore structure",
Proceedings of the Second U.S. Congress
of Applied Mechanics, 1954.

3.

Mordgren, R.P., "Strength of Well
Completions", 18th U.S. Symposium on
Rock Mechanics, Johnson Publishing
Co., Boulder CO, 1977.

4.

Stagg, K.G., and Zienkiewicz, O.C.,
Rock Mechanics in Engineering Practice, John Wiley & Sons, N.Y., 1968.

5.

Wilson, E.L. and Jones, R. M.,
"Finite Element Stress Analysis of
Axisymmetric Solids with Orthotropic
Temperature Dependent Material
Properties" Air Force Report No.
BSD-TR-67-222, September 1967.

354

CRC Handbook of Tables for Applied
Engineering Science, 2nd Edition, CRC
Press, Cleveland, OH, 1973.

POTENTIAL AIR/WATER/ROCK INTERACTIONS
IN A POROUS MEDIA CAES RESERVOIR
J.A. Stottlemyre and R.P. Smith
Pacific Northwest Laboratory
Richland, Washington 99352

ABSTRACT
There appears to be motivation for storing elevated temperature (50-300°C) compressed
air in underground porous media reservoirs. The feasibility of this concept depends
to a major extent, on the potential physical and chemical response of the reservoir
to any new environmental conditions imposed by Compressed Air Energy Storage (CAES)
operations. For example, changes in absolute and relative permeabilities due to
elevated and time varying temperatures, interstitial fluid pressures, humidity conditions and free oxygen would be of specific interest.
This paper briefly discusses ten potential reservoir damage mechanisms: 1) disaggregation and particulate plugging, 2) thermo-mechanical plugging, 3) corrosion,
4) clay swelling and dispersion, 5) matrix consolidation, 6) water evaporation and
mineral precipitation, 7) oxidation reactions, 8) hydrolytic reactions, 9) mineral
solutioning and precipitation, and 10) fluids incompatibility. These topics are discussed
in what is considered their order of importance with respect to the CAES concept.
Fatigue failure of well casings and cement materials is also considered on exceedingly
important item, but is not elaborated on in this paper. Finally, some explanation cf
current and planned experimental and theoretical investigations is presented.
In addressing how CAES operating
conditions might alter the reservoir over
The economic and technical feasibility
30 to 40 years, the following properties
of Compressed Air Energy Storage (CAES)
(dependent variables) should be stressed:
technology depends to a major extent on
1) absolute and relative permeabilities,
locating, developing,.and maintaining an
2.) effective porosities, 3) bulk compresadequate subsurface reservoir. The manner
sibilities, and 4) the corrosiveness of
in which such a reservoir may respond,
any interstitial fluids. In the study
physically and chemically, to new environat PNL, a series of assumptions have been
mental conditions associated with CAES
made to facilitate a description of the
operation is one of the fundamental unknowns system. These assumptions are: 1) all
facing the implementation of this promisphases will attain rapid thermal equilibing new technology.
rium, 2) a heat pillar will be formed
around each wellbore and will change only
slowly with time via thermal conduction
The operating conditions of primary
and vapor transport, 3) a certain perceninterest include: maximum mean pressure
tage of water (the residual content) will
which is controlled by reservoir depth
remain in the air storage zone subsequent
(0.11 bars/meter), 2) maximum temperature
to initial bubble development, 4) the
which is apparently restricted to 300-350 C
residual water will be gradually but
by standard well bore casing and grouting
steadily displaced by evaporation with
material limits, 3) maximum loading and
warm undersaturated air, 5) the residual
unloading rates which are as yet undefined,
water will be immobile in the liquid phase,
and 4) maximum inlet air humidity and
6) there will exist a high impedance to
suspended solids concentrations. Other
the flow of condensate back towards the
independent variables, which become conwell bore, 7) the reservoir will be rapidly
stant once a site is selected, include:
transformed from a reducing environment to
1) the physical, chemical, and mineralone abundant in free oxygen and carbon
ogical characteristics of the reservoir
dioxide, and 8) reservoir heterogeneity
rocks, 2) groundwater constitutent concenand anisotropy will dictate that generalized
trations, and 3) the physical and chemical
and simplified solutions should not be
characteristics of the confining strata.
INTRODUCTION

3 (p 3k

considered as absolute.
This paper briefly discusses ten
potential reservoir damage mechanisms.
These mechanisms are ordered in terms of
expected importance and where warranted,
arguments are presented to support or
reduce the applicability to CAES reservoirs.
The potential damage mechanisms are presented in three categories: Category I
includes: 1) rock disaggregation and
particulate plugging, 2) thermo-mechanical
plugging, 3) corrosion, and 4) clay swelling and dispersion. Category II includes:
1) rock consolidation and subsidence, 2)
residual water evaporation and mineral
precipitation, 3) oxidation reactions, and
4) hydrolytic reactions. Category III
includes: 1) mineral solutioning and
precipitation and 2) fluids incompatibility.
Figures 1 and 2 are presented to lend
perspective to the discussion. The micrographs are of Berea sandstone from an
outcrop in Ohio.
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Fig. 2. Micrograph of Altered Berea
Sandstone
Particulate Plugging
Particulate plugging refers to the
formation of a "filter cake" of small micron
size particles at the sandface or the
formation of barriers to flow due to
bridging of particles in channel restrictions within the reservoir rock itself.
Figure 3 conceptually portrays this bridging phenomenon. There are a multitude of
potential sources for such particles.
The inlet air stream can contain suspended
inorganic (dust) particles or microorganisms. Any mineral scale or corrosion
products on the inner walls of pipes or well
casings can result in sloughed particles.
The rock itself is a good potential source.
Dislodged grains or fragments of grains,
frayed clay plates, interstitial cement
materials and precipitates deposited
during evaporation of the residual water
serve as examples.
nit

One conclusion, based on very limited
experimental data, is that for at least
elevated temperature CAES concepts, particulate plugging may be the most important
phenomenon investigated. Figure 4 presents

MNOSTONt
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Fig. 1. Micrograph of Unaltered Berea
Sandstone
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fully controlled pressure, temperature,
and humidity conditions. Figure 5 shows
a distribution of particles that were
pumped into a Berea sandstone. In this
case, the flowing fluid was distilled
water. Figure 6 shows the incurred
pressure drop across the core and the
effluent and particle
discharge downstream
from the core. u ' Nearly total plugging
was the result. Backflushing was only of
moderate assistance due to the near random
distribution of pore and channel sizes in
the sample.
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Fig. 3. Conceptual Representation of
Particulate Plugging
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Fig. 4. Disaggregation in a Water VaporAir Environment

Fig. 5. Particle Size Distribution for
Berea SandstoneO)

two initially identical cores of Galesville
sandstone (an actual natural gas reservoir
rock from Illinois). Both samples we-e
exposed to an atmosphere of air and water
vapor at 134 bars for a period of two weeks.
The only difference was that the core on
the left was reacted at 50°C and that on
the right at 300°C. Although the test
conditions were such that definitive conclusions cannot be drawn, it is apparent
that substantial grain dislocation and
superficial erosion occurred at the higher
temperature.

It is concluded that: 1) investigation of particulate plugging may be very
important for potential CAES reservoirs,
2) filtering of the inlet air may be
necessary, 3) sand screens may be necessary,
4) filter cake formation is not likely, but
bridging may occur, and 5) elevated temperature and cycling may aggravate the
problem, but low temperature CAES concepts
should not be considered immune.

To study this phenomena in more detail, a fluid flow system is required
whereby gas and/or liquid can be vented
through a large diameter core under care357

Thermo-Mechanical Plugging
In a recent study on the effects of
temperature or relative and absolute permeabilities of Berea and Boise sandstone,
it was concluded that the permeability to
water was reduced substantially and the

THERMO-MECHANICAL PLUGGING (REVERSIBLE
COMPONENT)
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Fig. 7. Effect of Temperature on Absolute
Liquid Permeability of Berea
Sandstone(2)
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permeabilities were not measured and no
intuitive conclusions should be drawn based
on a comparison of densities and viscosities,
4) the permeability reductions were reversible, i.e. recovered as the temperature
was decreased, 5) the cause is probably
thermally-induced increases in rock
tortuosity and is not due to increases
in compressibility or decreases in porosityw), and 6) similar experiments should
be conducted on an CAES candidate rock.
Note that since the effects are reversible,
only measurements under elevated temperature and pressure will reveal the decreased
permeability. Post-test measurements at
room temperature are insufficient.
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Corrosion

TIME iminutesl

In a CAES reservoir, corrosion could
be a serious problem if the near-wellbore
region is not maintained totally free of
liquid water. Table I presents the relationship between corrosion rates and
irreducible water content increased subvarious reservoir conditions for geothermal
stantially in going from room temperature
conditions.^ ' Free oxygen will aggravate
to 80°C. "For t!ie five Boise sandstone
cores on v/liicli displacement experiments were the problem. The potential results of
run, average (liquid) permeability decreased corrosion include: damage of casing matefrom 2,050 md at room temperature to 884 md rial and surface pipes, blowouts or rapid
depressurization and the formation of
at 80°C. This is an important new observaparticles that may subsequently plug the
tion not made previously, to our
knowledge,
reservoir.
in the petroleum literature."(2)
Fig. 6.

Pressure and Effluent Particle
Concentration Versus Time for
Berea Cores'1)

Figure 7 graphically presents the results of the tests. The main points are:
1) these results are for liquid water, 2)
permeability to oil showed substantially
less temperature sensitivity, 3) air
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Clay Swelling and Dispersion
Many sandstones are known to be water
sensitive, i.e. permeability to water
decreases as the water salinity decreases.

CLAY PRODUCTION, SWELLING AND DISPERSION

Table 1. Effect of Various Parameters on
the Corrosion Rates of Iron Based
Alloys in Geothermal B r i n e s W
l-actor
Water Content '
Oxygen Concentration
Salinity

Direction

SOURCE: ORMMALRESERVOM
CONTENT HVDROLYTK
REACTIONS

Effect on Corrosion
t
f

t

AcWty

Time
Temperature*
Silica Concentration
CAUSE: DECREASED SALINITY DEWATERINO

•related to scaling phenomena

TREATMENT: HVOROXY-AWMINUM

In tfie CAES concept, water vapor will be
injected with the airstream and/or will be
produced from residual water in the warmer
near well bore zones. As the air and vapor
move farther out into the reservoir where
the temperatures are decreasing, condensation and dilution of existing formation
waters may occur. This could result in the
swelling of residence clays. This swelling,
in of itself, should not plug the reservoir since the effected zones will be a
reasonable distance from the wellbore.
However, clay plate fraying and particle
dispersion may result in particulate
plugging much closer to the wells since
air would sweep particles in that direction during the production phase of the
CAES operating cycle.
Figure 8 conceptually portrays this
phenomenon and figure 9 shows the significant amount of interstitual clay that can
exist even in natural gas reservoir rocks.
Only bentonite clays tend to cause severe
problems. Berea sandstone has less than
VI by weight of bentonite clay. Figure 10
shows how Berea sandstone permeability to
water decreases with decreasing water
salinity. Air permeability should not be
as dramatically affected, but particle
dispersion from zones containing residual
water ma., be a general particulate plugging
problem. Fortunately,pretreating a reservoir with hydroxy-aluminum compound tends
to significantly inhibit the problem.C5/
Testing of potential CAES candidate rocks
and treatment when necessary should be
considered for CAES projects.
Matrix Consolidation
For Berea sandstone, the dry bulk compressibility decreases by approximately 20
percent in going from 20°C to 200 C at
4000 psi effective stress.(3) However,
this decrease is much less then the tremen359

SWELLING CLAY

PARTICLE PLUGGING

fresh water

fresh water

Fig. 8. Conceptual Representation of the
Clay Plugging Phenomena
dous scatter in compressibility magnitudes
from sandstone to sandstone. Although the
potential for matrix consolidation and
subsidence cannot be arbitrarily dismissed
at this point for elevated temperature
storage, it is considered a lower priority
issue.
It is being suggested that rock softening due to the production of clays from
other silicates and carbonates may be the
cause of observed reduction in penatrometric
strength with temperature. Berea sandstone
exhibits as much as a 30 percent decrease in
point load strength after five days of
steam treatment at 300°C.(°) Fortunately
ammonia pretreatment of the reservoirs seems
to totally eliminate the rock softening
problem. " Such a treatment might be considered for CAES projects.
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50
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Fig. 10. Water Sensitivity (Clay Plugging
of Berea Sandstone in the Presence of Progressively Decreasing
Salinity Waters(5))

SAMPLE -6

Fig. 9. Micrograph Showing Interstitial
Clay in Mt. Simon Sandstone from
the Media Natural Gas Storage
Field in Illinois.

Salts. The quantity of iron and manganese
is such that precipitation-type plugging
should not be a problem especially since
precipitation will primarily occur in zones
already occupied by residual water and
therefore never available to the air anyway.
However, once again, the solid residue may
be a source of mobile particles. It is
suggested that reservoir rich in iron or
manganese be studied carefully and that
•• dewatering of near well bore zone be expedited.
Hydrolytic Reactions

Evaporation and Precipitation
Residual water may coexist with elevated temperatures for a period of time.
The dissolved solids and adjacent rock
mineralogy may be altered. Subsequent
evaporation of the water will result in
deposition of the dissolved solids. Knowledge of the composition and friability
of the residue is necessary since this may
be a potential source of mobile particles.
Naturally, this will be a function of the
initial salinity of the aquifer.
Oxidation Reactions
Subsurface reservoirs tend to be reducing in nature. The CAES concept calls
for the introduction of free oxygen and
carbon dioxide. Iron and manganese minerals
will oxidize and precipitate as solid
residues. In general, metal oxides are
less dense and less soluble than metallic
360

Hydrolytic reactions refer, in this
case, to the production of clay forming
minerals from feldspars and carbonates.
These reactions require liquid phase water
and in general reaction rates can be roughly
considered to double for a 10°C temperature
increment. Potential consequences include
those already mentioned for clays, e.g.
swelling, dispersion and rock softening.
It is being suggested that hydrolytic reactions may occur for a short period of time
in a CAES reservoir but that evaporation
of the necessary liquid phase water may outpace the slowly advancing temperature front
and therefore hydrolytic reactions should be
of secondary concern. Reservoir heterogeneity and anisotropy dictate that the
problem not be totally dismissed from consideration, however.

Table 2. Screening Autoclave Experiments
for Site Specific Sandstone

Mineral Solutioning and Precipitation
Silica, carbonate, and sulfate scaling
are severe problems for the geothermal
industry. Changes in temperature or
acidity can drastically affect the solubility of these minerals and the response
to temperature is diametrically opposed
for silica and calcium carbonate. The
problem is being considered secondary for
CAES, however. This is because the only
available liquid phase water that may be
heated to any degree is the residual content left after air bubble development.
This residual or irreducible water is essentially immobile in the liquid state.
Furthermore scaling, if any, should occur
in zones initially occuppied by water
and not available to the air phase anyway.
The only possible problem appears to be
the sloughing of scale deposits and the
associated production of mobile particles
(formation fines).
PNL Experimental Program
Current experiments to investigate
air/water/rock interactions consists of
autoclave tests and thermal properties
tests. A flow system capable of venting
liquids and/or gases and suspended solids
through large diameter cores under control red. temperature, pressure, and humidity
condition? is in the design phase.
Table 2 presents the preliminary experimental strategy for autoclave tests on
a site specific candidate rock and compatible
groundwater. Analytical techniques include:
optical petrography, x-ray fluorescence,
x-ray diffraction, electron microscopy,
quantitative shade differentation, ion
chromatography, plasma-arc spectrometry,
atomic absorption, and standard wet
chemistry. Permeability measurements are
made with standard permeameters. Autoclave tests at 300°C have resulted in some
reduction in liquid permeability, and a
more moderate reduction in air permeability. General quantitative conclusions
cannot be made at this time based on the
limited number of experiments and the
site specific nature of the problem, however. Tests to date have been on Berea
sandstone as a control sample and on
Galesville sandstone (Media natural gas
storage field) as an example reservoir
rock.
The next phase of the experimental
program will include design and fabrication
of a fluid flow test facility for large
361
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diameter (10-30 cm) rock cores (Figure 11).
The facility will be designed to permit:
1) axial flow of gases and/or liquids
through the core, 2) introduction of
suspended solids, 3) temperature from 50500°C, 4) confining pressures from 60 to
400 bars, 5) uniform temperatures or imposed temperature gradients, and 6) various
inclinations of the core barrel to investigate drainage, imbibition, and advective
heat transport. Naturally it would be
ideal to have the system triaxially loaded
instead of hydrostatically loaded but this
does not appear to be within the project
scope.
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Fig. 11. Conceptual Representation of the
Fluid-Flow Test Apparatus
The following tests are examples of
the planned flexibility of the facility:
1) porous media evaporation rates and
processes, 2) thermomechanical permeability degradation, 3) particulate plugging,
4) rock disaggregation, 5) geochemical
plugging, 6) clay swciiing and dispersion,
7) corrosion, 8) bulk compressibility,
9) geochemical reactions (hydrolytic and
redox), 10) mineral solutioning and precipitation, 11) fluids incompatibility,
12) liquid mobility, drainage and
imbibition, 13) advective heat transfer,

Critical formation properties

and 14) chemical pretreatment.

.

Theoretical Efforts
A computer code based on thermodynamic
equilibrium states has been used to predict
changes in rock mineralogy and liquid
constituent concentrations. Reactions
rates are not considered. The results
for Berea sandstone reacted with capatible
groundwater at 100, 200, and 300 C are
presented in Table 3.
Table 3. Total Dissolved Solids Concentrations and Mineral Weight
Percents for Berea Sandstone at
100, 200, 300°C (Equilibrium
Simulation)
Concentration (Holts/Kg H:>0)
Groundwater Constituent

Original

100°C

iOO'C

Z.3E-06

9.3E-04

3D0°C
2.BE-03

6.3E-4

5.4E-03

1.3E-04

3.0E-O4

«1

7.1E-4

2.1E-02

1.4E-03

4.5E-03

Ca

J.JE-3

2.2E-O5

1.5E-06

l.lt-OB

"9
1*1.2

5.7E-4

1. IE-OS

2. )£-O7

2.7E-07

A)
K

-

2.9E-I7

2.1E-16

3.7E-I5

1*1+3

1.9E-07

3.U-0S

1.3E-03

SI

S.OE-04

4.7E-03

1.1E-02

C
%
H,
Mineral

-

Original

9.6E-03

1.4E-O3

1.6E-04

2.3E-02

1.5E-O2

l.U-02

3.8E-3S

7.4E-2J

I.7E-21

10QOC

Calcltt

8.0E-03

1.5E-0?

Quartz

8.5E-01

1.0E-00

zxfic

300°C

9.4E-01

9.2E-01
7.6E-02

-

7.1E-0?

Kyanite

-

1.5E-0!

S.iE-02

1.2E-04

3.4E-03
_

-

I.OE-02

1.0E-02

8.7E-O3

1.5E-04

8.3E-06

Alternate TA
Pyrolusite

4.8E-04
I.OE-02

Treaollte
Chlorite
Pnlogopite
Adulerta

3.0E-02
-

Zoisite
Eoldote

1.0E-02

rajc
Paragonlte
2.OE-O2

Ootontte

2.OE-03

Kaolinite

4.0E-02

AnorthUe

2.0E-02

Microcline

I.0E-02

-

3.1E-04
2.7E-O2

3.1E-02

1.4E-02

9.SE-03

8.5E-O3

1.6E-02

1.6E-02

1.0E-0!
-

1.0E-02

I.OE-02

1.4E-04

-

-

1.7E-02

-

K5E-07

1.6E-02
-

-

likely damage mechanisms
disaggregation
particulate plugging
thermo-mechanical plugging
thermal fatigue of well casings
and cement grouting

Primary theoretical and computer study
areas
. thermo-mechanical stress analysis
. heat, and mass transfer analysis
. particle transport in porous media
geochemical equilibrium reactions
Primary laboratory scale study areas
. autoclave air/water/rock tests
thermal properties identification
. thermal fatigue analyses
particle transport in porous media
. desaturation of porous media
. thermo-mechanical plugging tests in
a flowing system
. geochemical alterations in a flowing
system
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ABSTRACT
The primary objectives of this study have been to compile rock properties data from
the literature; to formulate a preliminary set of design and stability criteria for
underground CAES hard rock caverns; and to identify areas of required research. The rock
properties compilation has concentrated on assembling and evaluating those physical,
chemical, petrophysical, thermal and mechanical characteristics and properties of igneous,
metamorphic, and sedimentary rock types for which the CAES concept is applicable. This
survey has indicated that the data base for hydrological and thermomechanical properties
is generally inadequate for jointed rock under conditions of elevated temperature and
increased moisture presence. In general, the formulation of preliminary design and
stability criteria for CAES caverns has been based on information available for large
underground caverns utilized for mining purposes.

INTRODUCTION
Conceptual design studies have been
recently conducted in the U.S.A. to identify the potential for using mined caverns
in hard rock to store compressed air for
use in electric utility load-leveling
operations 1 3 . The concept involves compressing air during off-peak demand periods,
storing it in underground caverns, and
heating and expanding it through turbines
to generate power. The cavern storage
concept is generally categorized as
(1) Compensated: Constant pressure with
varying volume (wet system with hydraulic
compensation), and (2) Uncompensated:
Varying pressure with constant-volume
(dry system). The useful life of a CAES
(Compressed Air Energy Storage) cavern is
tentatively set as 30 years, over
approximately 7,500 cycles.
Milne, et. al. 1 consider a reference
cavern design with a volume of 385,000 m
at a depth of 690 m, a 20 hour storage
capacity, and a storage pressure of about
66 atm. Mailhe, et. al. describe a cavern
design with a volume of 300,000 m , compression/production durations of 7-8 hours/
6 hours, and a working pressure of about
25 atm. Wittke, et. al. 5 discuss a conceptual CAES design with a volume of
100,000 m^ and a storage pressure of about
50 atm. Depending upon the temperature of
the inlet air and the heat exchange between
the air and rock, the above situations may

give rise to cavern air temperatures as
high as several hundred °C. The cyclic
nature of the pressure-temperature/airwater fluctuations during CAES cavern
operation could conceivably perturb the
stress field/strength characteristics in
the rock structure and lead to unacceptable
global and/or local instabilities.
The specification of CAES caverns in
hard rock immediately categorizes the
situation to one involving igneous
(granitic), possibly metamorphic, and
certain sedimentary (limestones, marbles,
dolomites) rocks. The categorization
"hard rock" is an implication of relatively
great strength and resistance to large
ductile and creep deformation. Thus, we
may eliminate from consideration such rock
types as salt, shale, and the like. Conversely, however, this categorization must
necessarily include the influence of joints
(or planes of weakness), permeability (and
groundwater presence), and elastic/brittle
mechanical behavior (or fracture initition) on cavern stability. Vhe cyclic
temperature and pressure fluctuations in
the CAES concept also introduce the possibility of elastic/ductile/brittle rock
behavior with "fatigue" and possibly
transient "creep rupture" contributions.
With regard to establishing stability
and design criteria for underground hard
rock caverns used for CAES, the goals of
this current study have been to:
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(1) Survey, evaluate, compile and
document those physical, chemical, petrophysical, thermal and mechanical characteristics and properties of rock types and
geological formations for which the CAES
concept is applicable, for conditions of
elevated temperature and pressure and
moisture presence;
(2) Formulate a preliminary set of
design and stability criteria for underground CAES caverns with expected lifetimes of 30 years;
(3) Identify areas of analytical,
laboratory, and field scale research that
are necessary for establishing a consistent
and applicable set of final stability and
design criteria.
This paper summarizes the work accomplished to date in satisfying the above goals.
GENERAL GEOLOGIC CONSIDERATIONS
INTRODUCTORY REMARKS
CAES in mined hard rock caverns will
require extensive geological and geotechnical assessments for any potential siting
area. Although each particular site will
be a unique geologic environment with its
own peculiarities, certain characteristics
must be evaluated for each of the several
geologic environments that may be suitable
for CAES, including: (1) regional and
local petrography (mineralogy and fabric
of the cavern host rock) and stratigraphy
or relations of various rock formations to
one another, and (2) primary and secondary
structural features and/or those of
regional as opposed to local extent. These
two general geologic characteristics and
their significance in potential cavern
stability will be briefly discussed for
situations that could be common to igneous,
metamorphic, and sedimentary host rocks.
COMMON GEOLOGIC CHARACTERISTICS
The complete petrographic description
of a rock includes its primary mineralogic
composition and that of associated mineralization or discontinuities. Also included
are its macroscopic and microscopic
textural and fabric features, including
grain size, grain shape, grain orientation
or lineation, foliation, schistosity, and
microfracturing. These factors essentially
determine the strength, elastic, thermal,
and hydrological properties of the intact
rock and also its weathering characteristics
- all critical factors in the cyclic
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pressure/temperature and moisture environments of a CAES cavern. In addition,
contacts (such as bedding and pluton
boundaries) between various rock types in
the rock mass (whether gradational or
abrupt) must be carefully defined to
determine the extent of competent rock
and to indicate possible zones of weakness.
The nature and extent of structural
features of a potential host rock mass
must also be defined - both primary
features (those formed at the time of rock
origin) and secondary features (those
superiir-osed on original features). It
should be emphasized that such features
can appear in all rock terranes (a geologic
area considered in relation to its suitability for a specific purpose) and include
major and minor faults, folds, and joint
systems, to name a few. These features
may define the major strength, elastic,
thermal, and hydrological properties of
the rock mass as a whole. Joint systems,
faults, and fracturing associated with
folding, in particular, may produce critical zones of weakness and may also
indicate an active seismotectonic situation.
Likewise, such features, particularly
intense folding, may indicate regions of
extremely high horizontal in situ stress.
IGNEOUS ROCK
Igneous rocks are those rocks formed
by solidification of molten or partially
molten rock material either at some depth
in the earth (plutonic or intrusive rocks)
or on the earth's surface (volcanic or
extrusive rocks). Compositional classification of igneous rocks is generally
based on the percentages of quartz and the
percentages and types of feldspar minerals
in the rock. Textural classification,
although somewhat complicated, is based
mainly on predominate grain size. Intrusive igneous rocks are generally phaneritic
- coarse to medium grained (grains greater
than 1 mm in size or easily viewed with the
unaided eye), while extrusive igneous
rocks are generally aphanitic - fine
grained (grains less than 1 mm in size).
Figure 1 includes a topical igneous rock
compositional classification scheme with
accepted names for phaneritic and aphanitic compositional equivalents.
Intrusive igneous rocks (of all
compositions) formed at depth occur in
masses (plutons) of all sizes and shapes.
They are generally considered to be the
most favorable geologic terrane for CAES

caverns for several reasons: (1) they may
be found in masses sufficiently large to
accommodate the CAES system; (2) the
intact rock is generally homogeneous and
isotropic; (3) the petrography, particularly the interlocking crystalline texture,
imparts generally high strength and favorable elastic, thermal, and weathering
properties to the rock; and (4) porosity
and permeability are generally low,
obviously favorable characteristics when
considering cavern air and water leakage.
ICHEOUS HOCK CLASSIFICATION
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Metamorphic rocks are igneous, sedimentary, or metamorphic rocks which have
been altered by temperature and/or pressure,
Metamorphic petrography is extremely complicated; however, primary classification can
be based on the presence of laminated
structures in the rock resulting from
segregation of different minerals into
layers (foliation). Foliated metamorphic
rocks include slates, phyllites, schists,
and gneisses. Nonfoliated metamorphic
rocks include quartzites and marbles.
Nonfoliated rocks, such as quartzites
and marbles, when they occur in sufficiently large masses, may be as suitable
for caverns as igneous intrusives. Such
rock is generally homogeneous and isotropic
and has good strength characteristics,
particularly the quartzites. Marble,
however, may occur less frequently in large
masses, have somewhat lower strength, and
be subject to undesirable weathering and
solution effects since it is primarily
calcium carbonate. The desirability of
marble for other commercial purposes would
also tend to eliminate it as a potential
host rock.
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probably one formed by massive, nonviolent
flow of lava onto the earth's surface. If
such a flow occurs in sufficient mass to
be a cavern host, other characteristics
cited as favorable in igneous intrusives
would also generally apply.
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FIG. 1. GENERIC ROCK CLASSIFICATION (AFTER JACKSON,
TRAVIS', HAMBLIN i HOHAHD^, AND MCKENZIE, ET.AL.^)

Extrusive igneous rocks (of all
compositions), formed at the surface or at
very shallow depths in a variety of ways
(such as nonviolent lava flows and violent
volcanic eruptions), are generally less
favorable for CAES caverns for several
reasons: (1) they are often found in masses
of limited extent; (2) the rocks may be
highly vesicular, with high porosity and
permeability and generally low strength.
The most favorable igneous extrusive is
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The major difficulties in CAES cavern
stability in foliated rocks would probably
arise from the foliation itself, or from
schistosity (parallel grain alignment).
Foliation and schistosity planes may cause
the strength, elasticity, and thermal
properties of the rock to be anisotropic
and highly variable. In addition, weathering of such rocks may be accelerated along
planes of anisotropy and by the presence
of easily altered metamorphic minerals
(chlorite, talc, etc.). This present
study has included all types of metamorphic
rocks, but concentrated on competent
quartzites.
SUMMARY REMARKS
The most favorable and most likely
host rock types for CAES in mined hard
rock caverns appear to be igneous intrusive
rocks. Other possible hosts include
igneous extrusive rocks, dolomites and
limestone, and massive metamorphic rocks,

particularly quartzites. Possibilities
also exist for locally favorable conditions
in other rock types.
In the general sense, considerable
geologic literature exists concerning
petrography and structure of all favorable
(and unfavorable) geologic terranes discussed here for CAES. We emphasize, however, that each individual site considered
would require its own detailed geological
investigation.

groundwater inflow during construction and
operation of the cavern, and (2) to
minimize air leakage from the cavern during
operation.
Groundwater behavior is also a primary consideration, particularly in regard
to stability and consistency of the
saturation zone depth, or that depth at
which voids and fissures are filled with
water under hydrostatic pressure. The
optimum condition for successful CAES
cavern operation is that the cavern be
located entirely in the saturated zone
and that after initial construction
disturbances, the upper boundary of the
saturated zone (phreatic surface) remain
stable. Water-filled voids and discontinuities should effectively retard cavern
air leakage, while low permeability
(although under saturated conditions)
would prevent excessive water inflow to
the cavern.

GEOTECHNICAL PROPERTIES
The geotechnical properties of a rock
mass include the hydrogeological characteristics (porosity, permeability), geothermal gradient, in situ stress state,
and joint characteristics. The joint
characteristics are generally quite site
specific and depth dependent as regards
spacing and orientation.
HYDROGEOLOGY
The literature survey of hydrogeology
and case studies of various underground
facilities, including underground stores
and mines, suggests important hydrogeological considerations and criteria to be met
for CAES hard rock cavern siting. Primary
consideration must be given to such factors
as: (1) the hydraulic characteristics of
the intact rock and of the rock mass as a
whole; (2) groundwater behavior; and (3)
groundwater chemistry.
General Hydrogeological Considerations.
The important hydraulic characteristics of
a rock or rock mass include primary and
secondary porosity and permeability (synonymous here with hydraulic conductivity).
Porosity naturally determines how much free
volume is available to contain fluids such
as air and water. Porosity of intact rock,
due only to pores or voids within the
rock matrix, is said to be primary, whereas
that porosity due to fractures, fissures,
faults, or joints in a rock mass as a
whole, is said to be secondary. Likewise
permeability, or the ability of a rock to
transmit air or water, may be either primary
or secondary. Primary permeability depends
on effective porosity, or on the assemblage
of connected void spaces in intact rock
that allow fluid flow. Secondary permeability depends on the transmission of fluids
through discontinuities in a rock mass.
Low porosity, and more importantly, low
permeability are essential in CAES host
rock masses in order to (1) minimize
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Finally, groundwater chemistry and
its stability may or may not be important,
depending on rock type, in successful
cavern operation. Unusual chemistry or
chemical changes, perhaps caused by temperature fluctuations within the cavern or
by other external factors, could cause
accelerated degradation of the rock mass
and subsequent cavern instability - either
undesirable surficial wall effects or gross
structural instability. In addition,
undesirable chemical constituents occurring
naturally in the water or later due to
cavern operation, could pose difficulties
in successful equipment operation.
Particular Hydrogeolosical Considerations.
Table 1 summarizes the magnitude of permeability generally found in various rock
types, both for intact rock and rock masses.
It is evident that igneous intrusives, some
igneous extrusives (particularly flow
basalts, rhyolites, or trachytes), high
grade metamorphics, and some limestones
and dolomites (those devoid of karst
features) have the most favorable permeabilities for optimum CAES cavern operation. Most extrusive vesicular igneous
rocks, some quartzites and marbles, and
most clastic rocks have generally
unacceptable permeabilities.
Generalization of the stability of
groundwater conditions is much more
difficult, owing to the very site specific
nature of the problem. Considering available literature, the prediction of stability on the basis of rock type is virtually

impossible. Other factors external to
rock type and to the cavern situation,
such as precipitation, runoff, and withdrawal for consumption, are also significant.
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of discontinuities under pressure) with
depth, and with confining pressure in
laboratory experiments, but few data exist.
The permeability-depth relation is not yet
well defined for variations of rock types.
Finally, literature concerning groundwater
chemistry changes and subsequent rock
stability, particularly as it relates to
temperature changes, is also inadequate.
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Chemical changes in groundwater, however, are naturally more dependent on rock
type than on groundwater fluctuations.
From general geochemical knowledge, carbonate rock types (limestones, dolomites,
and marbles) are more soluble than either
igneous, metamorphic, or nonchemical
sedimentary rocks, primarily because
carbonates dissolve more readily than
silicates (especially in elevated temperate environments). Under normal conditions, groundwater in noncarbonate terranes generally has a low ion concentration, unless other mineralization is
present, such as ore sulfides. Groundwater chemistry is highly dependent on
climate, too, particularly temperature.
For this reason, rock and groundwater
temperature changes due to CAES cavern
operation may be significant in groundwater chemistry changes.
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Summary Remarks. Actual hydraulic data
for rocks of low permeability are not
abundant in the literature. Most existing data are for clastic and permeable
chemical sedimentary rocks. Also data
concerning porosity and permeability as
affected by cyclic temperature changes
are very inadequate.
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It is also evident that the overriding permeability factors in rocks
generally considered favorable for CAES
are the dimensions and frequency of discontinuities of all types. As indicated
in Figs. 2 and 3, the literature suggests
general reductions of permeability (due
to a combination of frequency and closing

0
FIG. 3.
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GEOTHERMAL GRADIENT AMD HEAT FLOW

duced by the weight of the overburden,
but may be perturbed by regional or local
tectonic features. As indicated in Fig.
4, the average vertical stress to a depth
of 3 km is of the order of 0.025 MPa/m
(after Haimson11*) to 0.027 MPa/m (after
brown and H o e k 1 5 ) , which corresponds to
an average bulk density of 2,550 to
2,755 kg/m . The approximate limits
given in Fig. 4, as deduced from the
compilation of worldwide published data
by Brown and H o e k 1 5 , are indicative of
variations in the overburden density for
different rock types and of the influence
of tectonic features.

The possible major sources of heat in
the upper few km of the earth's crust
include: (1) the outward flow of heat from
the central core of the earth; (2) the
presence of cooling magmas; (3) the disintegration of radioactive elements; and,
(4) subcrustal convection currents
(Levorsen 1 1 ). The discussion of these
sources and the concept of global heat
flow is most relevant to the field of plate
tectonics and is not particularly significant in the CAES situation. What is most
significant here is simply that rock
temperature does increase with depth, and
VERTICAL IN SITU STRESS, O"z
that the temperatures likely to be
encountered at the relatively shallow
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depths of a CAES cavern (600 to 700 m )
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considering that CAES operation may cause
cavern temperatures to increase to as much
FI3. i). VERTICAL IN SITU STRESS AS A FUNCTION OF DEPTH.
as several hundred °C. A fair amount of
such data exists for specific localities
and for larger regions; however, the nature
The ratio of the in situ horizontal
of the factors are site specific and could
stress to the in situ vertical stress is
be obtained for a particular area, under
known as the coefficient of lateral earth
usual circumstances, using presently
stress. Fig. 5 illustrates that this
available technology.
coefficient varies from less than one to
greater than three at depths of a few
IN SITU STRESS STATE
hundred meters. For depths of several
kilometers, the coefficient ranges from
The in situ stress state in a rock
about one-third to one. As indicated by
mass is defined as that state of stress
the limiting curves due to Haimson 11 *, as
which exists prior to disturbance of the
obtained from hydrofracturing data, the
rock by excavation,. This natural state of
two orthogonal stresses in the horizontal
stress, in conjunction with the strength
plane are not necessarily equal. The
and structural characteristics of the rock,
curves by Brown and Hoek'15 are upper and
are important in determining the geometrical
lower "average" limits as deduced from a
shape and dimensions of an underground
worldwide compilation of published data.
excavation. Generally, the in situ
We note that the in situ principal stresses
vertical stress is taken to be that inmay not be aligned with the vertical and
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\^

horizontal directions due to the influence
of tectonic features.

The survey of thermal fatigue, spalling, and cracking literature for rock has
not yielded abundant applicable information, and much of that available (particularly regarding thermal fatigue) is of
a qualitative nature. However, enough
study has been conducted on the three
processes to indicate that they would
merit consideration in the design of hard
rock CAES caverns.
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THERMAL/MECHANICAL ROCK PROPERTIES

On the basis of many articles in the
published literature, a brief compilation
of thermal/mechanical rock properties is
given in Table 2. The properties are
listed 'in terms of ranges of values, and
are indicative of the relative strength
and thermal characteristics of the various
generic rock types, without differentiation
for competency. In general, the data for
jointed rock under conditions, of elevated
temperature and confinement stress are
inadequate for cavern stability evaluations!.
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Rock thermal fatigue is essentially
a type of weathering process. The effect
of cyclic heating of a rock, with or without the effects of cyclic moisture conditions, generally causes some degree of
rock disintegration, particularly leaching
of compounds from the rock and subsequent
weight loss. Tne significance of this
phenomena is evident when the cyclic
temperature and moisture conditions of a
CAES cavern are considered. Likewise,
the processes of thermal spalling and
thermal cracking are also significant, and
their disintegration effects (along with
those resulting from fatigue) may occur
simultaneously. Thermal spalling and/or
cracking of a rock surface may occur when
heating induces thermoelastic stresses
which exceed the fracture strength of the
rock. Spalls are relatively thin and are
usually curved pieces of rock broken off
from the rock surface during or after
heating, and may be several meters in
length or microscopic in size. Thermal
cracking results in the production of
fractures in the rock, usually microscopic,
as indicated in Fig. 6.
The causes and degree of susceptability to fatigue, spalling, and cracking
are many. They includte rock type (composition and fabric), maximum temperature
change, rate of temperature change, presence of fluids, composition of fluids, and
frequency of cyclic temperature and moisture changes. Thermal fatigue effects in
a CAES cavern could conceivably cause
severe leaching of compounds which could
alter groundwater chemistry, make cavern
water unsuitable for effective equipment
operation, and cause elastic and strength
properties of the rock mass to change.
Major spalling effects could also produce
gross cavern instability, while microspalling could produce significant quantities of particulate matter in the cavern
air which could have destructive effects on
turbine operation. Thermal cracking could
result in irreversible changes in rock
elastic modulus, fracture strength,
porosity, permeability, fracture toughness,

rock types from possible CAES host rock
mass, must be undertaken.

and thermal expansion and diffusivity
(Friedman 16 ).

STABILITY CRITERIA FOR CAES CAVERNS

160

DEFINITION OF INSTABILITY
The notion of instability of CAES
caverns may be categorized as follows:
(1)

(2) Local Rock Instability.
Identified by localized thermomechanical spalling and thermochemical disintegration of the
rock over the cavern periphery,
leading to participate transport
during compressed air withdrawal
to the turbine system.

100
100

300

500

Global Rock Instability.
Identified by massive roof falls,
wall slabbing, and floor heave,
leading to the loss of structural
integrity of the cavern and/or
its entrance.

700
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(3)

SLOWLY CYCLED, THIN SECTION
QUENCHED, THIN SECTION
SLOWLY CYCLED,, POLISHED
SURFACES
MICROFRACTURE INDEX AS A
FUNCTION OF TEMPERATURE
LEVEL (AFTER FRIEDMAN 16 ).

More study is needed on thermal
effects in rocks, particularly with regard
to the contribution of each factor listed
above to total rock mass instability.
Some general conclusions drawn from present
literature are that thermal effects combined with moisture effects generally are
more degenerative than thermal effects
alone, and that abundant microfissurization
promotes more disintegration (Aires-Barros,
et al 1 7 ) as does higher porosity and
higher permeability.
In addition, carbonates, such as
limestones and dolomites may be much more
susceptible to thermal and moisture effects
than igneous rocks (Mailhe, et al"*).
Igneous rocks with abundant mica minerals
and calcium plagioclase feldspar may be
more susceptible than other igneous rocks
(Aires-Barros, et a l 1 7 ) . At present,
however, the literature on the cyclic
thermal and moisture effects of intact
rock are only marginally adequate and that
on jointed rock totally inadequate. Therefore, more general laboratory testing of
such effects, and also testing of specific

Global Air Leakage Instability.
Identified by unacceptable air
leakage from the cavern during
compressed air injection and
storage (due to greatly enhanced
hydraulic conductivity as a
result of induced fracturing or
joint dilation).

In practice, we may define the time
periods of instability concern for a system
of CAES caverns as: (1) Excavation, (2)
Operation, and (3) Decommissioning. The
notion of global rock instability applies
to the excavation and decommissioning
periods, while all three instability
concerns apply to the operational period.
Clearly, the concept of stability criteria
involves the specification of limits on the
thermal/rock mechanics/hydrological behavior
of the rock mass, wherein instability is
prevented when the limits are not exceeded.
EXCAVATION STABILITY
We shall assume that the geotechnical
and thermal/mechanical properties of a
rock mass for a potential CAES site can be
properly characterized and quantitatively
defined. For a choice of cavern depth,
shape, dimensions, and spacing, we may
compute, by say the finite-element method,
the state of stress in the rock mass during
a simulated excavation. The appropriate
criterion for evaluation of the global
stability of the excavation is the MohrCoulomb failure condition. This criterion,
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which mathematically relates the tensile
and compressive strengths of a rock to a
state of applied stress, permits evaluation
of the potential for incipient rock failure.
Specifically, if the state of stress around
the excavation violates the Mohr-Coulomb
criterion, failure of the rock mass is
indicated. The criterion is applicable to
both the intact rock and the joints, with
appropriate characterization of the
strength properties in each case, and to
a failed rock mass in the sense of
residual strength. By altering the cavern
geometry and dimensions, and the sequence
of excavation, the stability of the cavern
may be effectively optimized for a given
rock mass and state of in situ stress.
An actual measure of instability
must be quantified in terms of loss of
cavern serviceability. Regions of failure
within the rock mass around the periphery
of the cavern, as indicated by finiteelement modeling, do not necessarily imply
global instability if the regions are
localized and reasonably disconnected, or
can be "hardened" by use of artificial
support. Thus, a certain degree of
"contained" rock failure may be acceptable
in the sense that the future serviceability
of the cavern is not impaired in a
detrimental fashion.
OPERATIONAL STABILITY
During the operation of a CAES
cavern, the rock is subjected to cyclic
variations in applied pressure and
temperature. These conditions induce
additional stress perturbations in the
surrounding mass, and the global instability of the cavern must be evaluated by
use of the Mohr-Coulomb condition of rock
failure with temperature-dependent properties. However, in this situation,
the strength of the rock will probably be
progressively reduced with the number of
loading cycles.

The local rock instability of the
cavern periphery is related to the spalllng
and microfracturing characteristics of the
rock under cyclic pressure/temperature
loading and air/water intera. ion. The
limit of acceptable rock disintegration
must be established from the viewpoint of
allowable particulate transport to the
turbine system during compressed air
withdrawal.
DECOMMISSIONING STABILITY
After cessation of the operational
phase of a CAES cavern, consideration
must be given to the eventual collapse of
the cavity, leading to possible surface
subsidence. It would appear that an appropriate evaluation of "long-term" stability
would involve consideration of a creep
rupture criterion in conjunction with the
stress state around the cavern.
DESIGN CRITERIA FOR CAES CAVERNS
Due to operational and/or economic
considerations, the choice of a CAES
cavern site may be somewhat restricted.
Apart from some lateral variation in
selection in a given area, the depth and
rock quality may be the only significant
variables of choice. An important realization is that in practice it may be
necessary to encompass the design of a
particular CAES cavern system within the
thermal/rock mechanics/hydrological
capabilities of a given underground rock
mass. As a consequence, "hardening" of
the caverns by artificial support means
may be required in order to obtain a
technically and economically feasible CAES
system. In fact, the initial start-up of
the operational phase may require a special
sequence of compressed air cycling in order
to promote hardening or shakedown of the
rock by psuedo-plastic deformation within
the limits of global stability.
The design criteria for a cavern must
be established from the viewpoint of (1)
the type of CAES system, (2) the desired
air volume and pressure, and (3) the
thermal/rock mechanics/hydrological
constraints appropriate to lue rock mass.
The constraints must be utilized in the
determination of optimum cavern shape,
dimensions and spacing, and excavation
sequence.

The hydraulic conductivity of the
rock, which is a function of stress and
temperature, will be perturbed by the
initial excavation, and subsequently
perturbed by the cyclic pressure and
temperature loadings. Failure of the
intact rock and/or joints will also give
rise to conductivity perturbations. From
the viewpoint of global air instability,
the criterion will be related to the loss
of air from the cavern in an economic or
operational sense.
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COMPRESSED AIR ENERGY STORAGE CAVERNS IN SALT DOMES
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ABSTRACT
Caverns in salt domes offer perhaps the most attractive type of geostorage for compressed air energy. Storage of hydrocarbons in salt dome caverns has been practiced in
the U.S. Gulf Coast region for approximately twenty-seven years, however this kind of
storage has involved mainly liquids and relatively slowly varying pressure loadings.
Compressed air energy storage (CAES) in salt caverns will involve continuous daily cycling of pressure, temperature, and humidity. Possible deleterious effects due to cyclic lo. dings must be controlled such that the CAES caverns remain stable and functional
over time periods of approximately thirty-five years. Long-term stability criteria are
discussed relative to CAES caverns in salt domes. The criteria are based on a review of
the technical literature and interviews with persons knowledgeable about storage in salt
domes. The methodology for development and implementati-on of quantitative criteria specific to any particular potential CAES dome also is presented.
INTRODUCTION

tenn "stability" of air storage caverns
must be considered as a primary concern
in projecting the satisfactory operation
of CAES facilities.2

This, study is directed to the longterm stability of compressed air energy
storage (CAES) caverns in salt domes or
salt anticlines. The Gulf Coast Basin,
as depicted in Fig. 1., is the only confirmed salt dome region in the U.S.A.;
however, the salt anticlines of the Paradox Basin also would possess many1 geologic features similar to domes.
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As used in this report, "stability"
of a storage cavern implies the extent to
which an acceptable amount of cavern
storage volume can be utilized with routine maintenance for a specified time interval , e.g., 35 years. In this context,
cavern stability is relative to both
planned utilization and time interval of
operation.
Although the storage of liquid hydrocarbons has been practiced in United States
(U.S.) Gulf Coast salt domes for around
twenty-seven years, the cyclic pressure
and temperature variations which are an
integral part of CAES operations introduce new considerations relative to the
long-term stability of the associated
storage caverns. Fig. 2 is a schematic of
a "leached-out" storage cavern in a salt
dome along with symbols for significant
spatial dimensions. Fig. 3 depicts a typical weekly cycle for pressure and temperature within a CAES air reservoir cavern.
Many hydrocarbon storage caverns now
in operation in salt domes are a secondary benefit of an original brine solution-mining operation and were not designed with stability as a primary concern. More recently however, energy utilization concerns have gained such prominence that optimizing cavern designs in
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FIG I SALT DEPOSITS IN THE UNITEO STATES

Projections of a desirable useful
"life" for CAES facilities include a time
period of around 35 years of cyclic operation. Thus the air storage caverns, which
are an essential and integral component
of a CAES plant, should be designed and
operated so as to perform satisfactorily
over the intended life of the overall facility. It follows that the long376
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• Site Specific Utilization History
of Domes
• Geology of Salt Domes Including
Caprock and Neighboring Formations
• Material Properties of Salt and
Adjoining Materials
• Configurations of Dome and
CAES Caverns
• Loading Cycles for CAES Operations
FIG. 2. SCHEMATIC OF
CAES CAVERN IN SALT DOME

Fig. 4. Principal Factors Affecting
Long-Term Stability of CAES
Caverns in Salt Domes
through the salt that could open under
CAES operations; and a good record of
ability to maintain well casings through
caprock (if any) into the salt. Any previous brining and/or sulphur mining operations in the caprock should be checked to
insure that associated effects such as
surface subsidence have essentially ceased
and will not otherwise significantly
affect a CAES facility.
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FIG. 3. TYPICAL CAES CAVERN CYCLE

salt .domes for storage purposes has become a primary, rather than a secondary,
consideration. Thus a great deal of interest now exists in further developing
the technology currently associated with
design of salt dome storage caverns, and
extending this technology to implement
relatively new storage concepts,
such as
compressed air energy storage.3
GENERAL STABILITY CRITERIA
General criteria for long-term stability of CAES caverns in salt structures
must account for a number of factors. The
principal factors are listed in Fig. 4.
Criteria related to these factors follow
in a summary format.
The site-specific utilization history
of potential air storage salt structures
should be researched to insure man-made
effects will not threaten the integrity of
the containing salt. For example, there
must be an absence of man-made hydrofracturing connections or solution channels
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The geology of potential air-reservoir salt domes, including the caprock and
neighboring formations, should be studied
and reported in the early stages of planning for CAES facilities. For example,
the presence of liquids or gases in the
salt stock itself may not disqualify a potential storage dome. However, the presence of a highly permeable anhydrite sand
at the caprock-salt contact could permit
circulation of brines with H2S gas that
could cause rapid corrosion of well casings, unless preventive measures were
taken by using appropriate cement around
the casings. Leaks in casings could lead
to an abrupt depressurization of CAES
caverns with resulting damage to the surrounding salt ("wall slabbing" and "roof
falls"). Furthermore, the geology of the
salt, caprock, and adjoining formations
is directly related to the mechanical
properties of the associated materials.
Salt domes display anomalous zones in
which weaker salt, gas pockets, and hydrocarbons are present in the salt stock.
Megascopic features associated with these
zones would directly affect CAES caverns.
The geology of salt domes in the U.S. Gulf
Coast generally varies in character, and
should not be assumed to be the same even
for domes separated only by a few miles.

The state of tectonic stress within
the salt stock of U.S. Gulf Coast domes
is usually assumed to be hydrostatic in
character. However, this assumption
should be checked; and, it is suspect in
the Paradox Basin salt anticlines. In
both cases, the study of tectonic stresses within the salt stock deserves careful attention, because creep closure rates
of caverns in evaporitic rock are strongly
affected by the state of initial geostatic
stress.
An ideal CAES dome would include the
following geological features: (1) massive anhydrite caprock (if any) free of
vugs and lost circulation zones, (2) solid
caprock-salt contact, (3) relatively homogeneous salt of uniform character and free
of liquid and/or gas.
The material properties of the salt
and adjoining geologic units, e.g., caprock, should be established so that stability analyses will have a basis for precluding cavern failure under environments
associated with cyclic CAES operations.
Currently there does not exist an adequate
material properties (mechanical, thermal,
and chemical) data base for predicting the
long-term response of rock salt subjected
to cyclic loadings of pressure, temperature, and humidity typical of a CAES
facility as depicted in Fig. 3. Some
creep data exists for laboratory specimens
of rock salt subjected to elevated temperatures and varying load paths. Also, a
number of associated material "laws" have
been proposed for numerical modelling
applications. However, for CAES operations, the important long-term effects of
creep-rupture and low-frequency fatigue
of rock salt in a cyclic environment are
largely unexplored phenomena.

gram methodology for developing data specific to potential CAES operations.
The configuration of a potential
CAES dome must be capable of accommodating a system of caverns suitable for a
compressed air reservoir. Depths of CAES
caverns apparently can ranqe from approximately 2000 to 5000 ft .(609.6-1524.0 rO .
Minimum dimensions for salt "wall" thickness between caverns and "roof" thickness
over caverns (as depicted in Fig. 2.)
will require analyses utilizing sitespecific material properties response
associated with CAES loading environments.
Examples of minimum wall thickness between storage caverns include 100 ft
(30.5m) for pseudostatic hydrocarbon
storage5 and 7?1.8 ft (220m)
for the two
CAES caverns at Huntorf.6 Examples of
cavern roof thickness include 200 ft
(61.Om) for hydrocarbon storage and approximately 328 ft (100m) at Huntorf.
These recommended and existing dimensions
apparently are based mainly on a great
amount of first hand experience in hydrocarbon storage and brining operations in
the U.S. Gulf Coast and in West Germany
respectively. In addition, the West
Germany design incorporated data from
model testing of rock salt.
Cavern shape, size, spacing, and
number obviously can all vary depending
upon the requirements of any particular
CAES facility operation. A systems optimization analysis should be used as a
basis for establishing these parameters.
Intercavern air flow effects, e.g., friction and thermal losses, along with total
air volume flow requirements would necessarily be coupled with cavern system stability requirements in such an analysis.
The general CAES criteria for dome
configuration requires that an adequate
volume of salt must exist at a workable
air reservoir depth so as to provide a
surrounding envelope of salt sufficient
to prevent the formation of connections
from the reservoir to the dome surface.
Such connections could be of a long-term
progressive character, and would be due
to a combination of creep-rupture, mechanical and thermal fatigue, air penetration, and hydrofracturing effects.

Deterioration of salt around caverns
also can be anticipated to depend upon
site-specific material responses to a
rapid drop of cavern pressure. For example, a pressure drop from 2,219 psi
(15,300 kPa) to 114 psi (786 kPa) over
158 hours apparently caused a significant
roof fall in an experimental gas storage
cavern in a German salt dome.1*
The topic of material properties of
rock salt and the relationship to cavern
stability is relatively complicated and
somewhat lengthy. Details on this topic
are beyond the scope of this review report. A later section outlines a pro-

The loading cycles for CAES operations
must range within bounds obtained from an
engineering analysis and a verified data
base. A verified data base necessarily
will include field experiments within a
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survey relative to long-term stability of
caverns in salt domes. Attention was directed to information sources on aspects
of stability which were particularly relevant to potential CAES operations in salt
domes. Thus a literature survey was undertaken, and also discussions were held with
persons experienced in the geostorage industry involving salt domes. The principal findings are reported in this section
in summary format.

potential CAES salt structure with observed test results correlating with predicted results from an appropriate analysis. The analysis should be based on a
combination of laboratory and/or in-situ
tests and numerical modelling. Since
cavern pressure is the loading parameter
most easily controlled under actual operating conditions, it should receive maximum attention in tests and numerical modelling simulating prototype CAES loading
environments. However, at the same time
the dependent and coupled loading parameters of temperature and humidity also
must be properly represented. It should
be noted that most of the factors affecting long-term cavern stability under CAES
operations could be strongly coupled.
The planned cavern pressure cycle at
the Huntorf CAES facility includes charging for eight hours to 70 atm, then discharging for two hours to 50 atm. Another CAES study includes an example cycle
with 24 hr pressure variations of approximately 13 atm. The daily cycle is embedded in a weekly cycle with approximate
maximum and minimum values of 78 and 46
atm respectively.
In addition to effects of CAES loading cycles on the rock salt around airreservoir caverns, effects on well casings and "casing seats" into the salt
also must be considered. Such effects
are probably better understood (than
effects on salt) by the storage industry
operating in Gulf Coast salt domes. However, the progressive deterioration of
casing-seat grouts should be explored
under cyclic pressure and thermal loadings. The Huntorf CAES plant utilized
an inner "free" tube to transmit air, thus
uncoupling the outer well casing from thermal or pressure "shock" loading effects.
In summary of this section, general
criteria for long-term stability of CAES
caverns in salt domes have been reported;
however, a data base specific to the
cyclic loading character of CAES operations must be developed prior to specifying quantitative criteria with any degree
of confidence. As noted previously, a
methodology is proposed later within this
report for establishing site-specific and
quantitative criteria.
STATE OF THE ART SURVEY;
PRINCIPAL FINDINGS
A principal part of this report included the findings from a state-of-the art
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Field data associated with storage of
natural gas in salt dome caverns currently
is most directly applicable to long-term
stability studies of CAES caverns. Review
of th<= geostorage related literature and
discussions with operators of a variety of
storage operations (hydrocarbons and/or
brine; in salt domes have revealed significant amounts of data. However, the data
typically is fragmented and not directly
applicable to stability criteria for CAES
operations. The most similar field operations to CAES exists currently in the natural gas storage industry. Experiences in
storage of natural gas in salt dome caverns should be carefully evaluated in
future planning of CAES operations.
CAES storage raises more concerns with
stability problems than liquid hydrocarbon
storage, solution mining, or natural gas
storage currently operational in salt dome
caverns. Long term cyclic loadings of
pressure and temperature could have more
deleterious effects on cavern stability
than current psuedo steady-state storage
operations in salt dome caverns. However,
the extent of the possible increase in
deleterious effects is currently unknown.
Roof falls reportedly have occurred in
conjunction with rapid pressure drops in
salt dome natural gas storage caverns,
which implies rates of pressure drops
associated with daily CAES cycles could
affect cavern stability. Surface contact
by brine, as contrasted to gas, is believed by some investigators to increase
the plasticity characteristics of rock
salt. If this is true, spalling of the
surfaces of CAES caverns will be more
severe than for brine filled caverns
under similar pressure and temperature
loading cycles.
A number of workers with field experience in the domai storage and mining
industry are dubious about the significance of conventional rock mechanics laboratory testing programs relative to predictions of salt dome cavern behavior.

They share a strong conviction that only
field tests and related experiences under
actual site-specific conditions can be
relied upon at the present time to yield
reliable results for predicting cavern
behavior.
Test caverns have been employed in
West Germany to obtain field data for
performance of natural gas storage caverns. Apparently no such scaled down caverns with tests have been utilized thus
far in the United States (U.S.). Some
borehole test procedures have been proposed both in the U.S. and abroad as an
intermediate method for obtaining data on
in-situ rock salt performance that could
be related to cavern stability.
Laboratory testing programs for
determining rock salt behavior have been
conducted mainly with compression triaxial or uniaxial tests. However, more
infrequently used triaxial extension tests
were found to be of primary value in at
least one major study of creep closure of
salt dome caverns.7 Triaxial extension
tests permit a more comprehensive evaluation of creep-rupture, which is a significant effect in long-term stability of
openings in rock salt.

atively sophisticated monitoring equipment
now exists for such purposes, e.g., a
laser ranging device that can monitor
distances within a gas-filled salt cavern
under pressure
with an independent sensitivity of ± 10 cm.9 Other sensitive monitoring equipment also may be useful for
recording cavern performance, e.g., microseismic monitoring systems and tiltmeters.
The study of fundamental rock salt
mechanics for many kinds of storage in
domes is still in a relatively early stage
The more complicated loading conditions
associated with CAES caverns will entail a
considerable amount of careful investigation before full confidence can be placed
in associated specific and detailed quantitative long-term stability criteria.
Concerns with compensated (constant
pressure), as contrasted to noncompensated
(constant volume), CAES caverns would in-""
elude possible (1) erosion of salt in the
air-reservoir "walls' and connecting openings due to liquid flow, and (2) abrupt
loss of cavern pressure due to a champagneeffect blowout of the compensating water
(brine) "leg". However, compensated caverns would possess an apparent advantage
of low amplitude cyclic pressure loading
of surrounding rock salt.

Crystal sizes (around 0.25 in (0.64
mm) "diameter") in polycrystaline rock
salt are relatively large, thus scale
effects are probable in laboratory tests
with relatively small specimens. Some
test data imply dependence on size of cylindrical rock salt specimens falls off
sharply for 4 in. diameter (and above)
cylinders with standard length to diameter
ratios of 2 or slightly larger.

PRINCIPAL RECOMMENDATIONS
A relatively brief set of summary
principal recommendations are presented
in this section. They are based on the
findings from the state-of-the-art survey
and additional study relative to requirements for long-term stability of CAES
caverns in salt domes.
Long-term stability criteria for
CAES caverns should be concerned with
effecting acceptable limits on time dependent creep closure, creep rupture
(spalling or slabbing), and superimposed
deleterious cyclic loading effect. However, short-term effects that could
threaten the overall integrity of the airreservoir also must be limited, e.g.,
hydrofracturing, well casing failure, and
cavern roof and wall "falls" due to
abrupt depressurization.

Numerical modelling of rock salt behavior with the finite element method has
been in use for some time. Numerical modelling can be employed as a powerful aid
in developing and verifying stability criteria during the laboratory and in situ
testing phases as well as during the pilot
cavern (if used) and field operational
phases of prototype CAES air-reservoirs.
Empirical methods combined with field
experience have been used successfully in
cavern stability studies." The CAES caverns at Huntorf, West Germany, were designed primarily on this basis.

Specific long-term stability criteria for CAES caverns should be developed in a closely coordinated and balanced program utilizing complementary:
(1) laboratory and/or bench-scale testing of site-specific salt. (2) numerical

Stability criteria ultimately must be
verified by field data from pilot and/or
operational prototype CAES caverns. Rel380

stages which incorporate the three listed
requirements for development of long-term
stability criteria for CAES caverns in
salt domes.

modelling, and (3) field testing. Later
sections of this report include schematics illustrating this concept in detail.
Correlation studies should be performed on results from laboratory and/or
bench-scale tests, borehole and/or model
cavern tests, and proto-type cavern
tests. Consistent findings relative to
long-term cavern stability then could be
used to develop an optimum testing program for determining necessary sitespecific input parameters for stability
criteria. Such a program would be extremely valuable in planning additional
CAES cavern systems and operations in
salt domes.
Figure 5 is a summary list of topics
which should be studied to obtain additional information relative to long-term
stability of CAES caverns in salt domes'."

Start Stage (1), Laboratory Testing

(a)J,

Formulate Stability Criteria With.
Latest Data Base

<!>)„
Update Analysis

icl

(d) w
Agreement Between Numerical Model
And Physical Behavior?

Repeat Steps (a)-(d) For Stage:
(2) Pilot CAES Cavern
(3) Prototype CAES Cavern

Low Frequency Fatigue, with Coupled
Cyclic Pressure, Temperature, and
Wetting Conditions.

Criteria Verified

Progressive Air Penetration of Salt
Fabric.
Cavern Monitoring Methods.

•

Correlation of Laboratory, Analytical,
and Field Results.

noJ

Vis

Effects of Pressure and Temperature
Loading Rates.

•

I

Model Numerically Current Stage
With Latest Data Base

Long-Term Creep, with Creep Rupture,
of Rock Salt.
•

1

Fig. 6. Development of Stability
Criteria

IMPLEMENTATION OF STABILITY
CRITERIA FOR CAES CAVERNS

Fig. 5. Topics for Additional Study On
Long-Term Stability of CAES
Caverns in Salt Domes.

In this section the implementation
criteria enhancing long-term stability of
CAES caverns is presented in a threephase format. The three phases generally
follow a work plan sequence by which a
CAES facility could be established and
made operational.

DEVELOPMENT OF SITE-SPECIFIC
STABILITY CRITERIA
The development of a complete set of
quantitative site-specific stability criteria requires: (1) the gathering of sitespecific technical data; (2) an appropriate
analysis which will yield predictive quantitative results; and ultimately, (3) the
verification of criteria by agreement between predicted and monitored performance.

The three phases of stability criteria implementation are associated respectively with: (1) site selection, (2)
cavern system design, and (3) facility
operation. Figure 7 illustrates schematically the methodology whereby sitespecific long-term stability criteria
could be implemented for CAES caverns in
salt domes.

In this section a three-stage format
is proposed for developing site-specific
criteria. Figure 6 illustrates the three
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Start Phase (1): Implementation of
Stability Criteria in Site Selection
Apply Cavern Stability Analysis
and Criteria:

(a) ,
Propose Salt Dome Site for CAES Caverns

Stable stress state in salt around caverns
(based on time independent analyses)?
Acceptable rates of creep closure and
creep rupture over life of facility
(based on time dependent analyses)?

Investigate:
Dome Utilization history

Acceptable rate of progressive failure
due to cyclic pressure and temperature
loads over the life of facility (based on
[fatigue tests and associated modelling)? ,

Megascopic features of geomechanical
system by geological, geophysical,
I and corehole studies.

7T

(c)
•

Apply Long Term Cavern
Stability Criteria:

yes no%^Return to (2a)'

Relative minimum of extensive early
"wild" brining *nd sulphur mining
activities?

Start Phase (3): Implementation of
Stability Criteria for Operating Program

Absence of strong evidence of ongoing
dissolution of dome at the caprock salt interface?

(a)

Relatively small amounts of gas, brine,
and inclusions in salt stock?
Competent, homogeneous rock salt from
approximately -1000 to -6000 feet, and
I also adequate in volumetric extent?
,

Propose Operating Program For
CAES Caverns
(*>),
Investigate and Utilize Effects
of Operating Program V i a :
Numerical modelling of operating
program for stability effects.

yes no
'Return to (la)-

Monitor operating effects.

Start Phase (2): Implementation of
Stability Criteria in Site Selection

(cL

(a)

Apply Cavern Stability Analysis
and Criteria Application

Propose Design Configuration For
CAES Cavern System

Preliminary field tests indicate good
agreement between results o f numerical
modelling and test data? If n o t ,
reconcile results.

(b) ,
Investigate Via:
Laboratory and bench scale testing of
site specific salt.
Numerical modelling of proposed design
configuration.
.

Operating program results in acceptable
cavern performance, a s indicated by
field monitoring program? Acceptable
cavern performance includes measured
acceptable cavern closure, creep closure
irates, and surface spa!ling rates.
To 3(d)
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From 3(c)
yes

no
^Return to (3a)

(d)
,

Continue to Monitor. Update Numerical
Stability Analysis Periodically.
.

Fig. 7. Implementation of Stability
Criteria

3. Chang, G. C , Loscutoff, W. V., and
Schneider, J. R., (Symposium Cochairmen) 1978 Compressed Air Energy Storage Symposium, Proc. of Meeting on
May 15-18, 1978, Asilomar Conference
Grounds, Pacific Grove, California,
In Press.
4. Rohr, H. U., Mechanical Behavior of a
Gas Storage Cavern in Evaporitic Rock,
Proc. 4th International Symposium on

1974! JigklSr* 1 1 6 " 1 * 1 0 6 8 0 1 - S ° C "

CONCLUSIONS
CAES technology, relative to longterm stability or air reservoir caverns
in salt domes and salt anticlines., currently is in an early stage of investigation. Much work remains to be done,
particularly in relating site-specific
field results to results predicted from
engineering analyses based upon test data
and numerical methods.
Adequate numerical programs and
testing methods exist in principle to
perform stability analyses of CAES caverns. At this time a substantial data
base should be developed specific to environments anticipated for rock salt
surrounding CAES caverns in domes and/or
anticlines. Verification of one or more
competing methods of analysis also should
be completed as expeditiously as possible,
with verification based on site-specific
field results.
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FABRIC ANALYSIS OF ROCK SUBJECTED TO CYCLING WITH HEATED, COMPRESSED AIR
Howard J. Pincus
Departments of Geological Sciences and
Civil Engineering
University of Wisconsin-Milwaukee
Milwaukee, Wisconsin 53201

ABSTRACT
An essential component of current investigations of compressed air energy storage
in aquifer-type rocks is the characterization of changes with ventilation in pore-andgrain structure of the rocks, particularly as related to porosity and permeability. In
addition to conventional microscopic examination, we are using. Fourier optics to express
changes in spatial frequency and orientation of grains, pores and microcracks. Optical
Fourier amplitude transforms depict the distribution of spatial frequencies and orientations in their input-images. We can also express the similarity between pairs of input
images by cross-correlating their transforms. Each of these Fourier optical procedures
has detected some changes with ventilation in rock fabric. Differences between rocks
are often greater than differences in the same rock associated with ventilation.
Differences in gross physical characteristics among some rocks are consistent with
contrasts in fabric.
INTRODUCTION
The goals of this project are:

with ventilation.

1)

2) Changes in permeability associated with ventilation have not been
detected.

To evaluate the effects of pressure-temperature eyeling with
compressed air on underground
reservoir rocks and their associated caprocks.

3) Changes in porosity and heat
capacity of St. Peter Sandstone, associated with ventilation, have not been
detected.

2)

To contribute to the development
of criteria for identifying and
evaluating candidate sites.

3)

To identify geological parameters
to be monitored in field tests.

4}

To assist in developing monitoring systems for operating installations .

4) Microscopic examination in reflected light has revealed no diagnostics
for distinguishing with confidence between ventilated and unventilated rocks.
5) Heating of Berea Sandstone and
Bedford (Salem) Limestone to 260°C. for
five days has resulted in decreases in
the value of Young's modulus. Compressive
strength of the Berea also decreased.

We have been concerned chiefly with
detecting and measuring changes in physical properties and in microstructure that
can be attributed to ventilation.

In the ventilation experiments
carried out, typical air temperatures at
the specimen were 110°C., with confining
pressures up to 820 kPa.

This paper is concerned with some of
the methods and results of studies of the
microstructure of some candidate rocks.
It will perhaps be useful here to outline
results obtained so far in other phases
of our
^

The most striking result of the work
described and partially documented in
this paper is that initial variations in
fabric within the same unit, e.g., the
St. Peter Sandstone, appear to exceed the
changes resulting from ventilation under
the experimental conditions used so far.

1) Values of Young's modulus and
compressive strength of sandstones studied
so far do not show systematic changes
386

treated surfaces of rock specimens and
their optical transforms are shown in
Figs. 6 and 7. Note the horizontal
elongation of the Fig. 7 transform, corresponding to the input's vertical
"grain".

Observation of the St. Peter in iarge exposures indicates considerable variability in lithology and structure.
ROCKS STUDIED
Host of the specimens studied so far
are St. Peter Sandstone, collected in an
active quarry in south-central Wisconsin
(Fig. 1 ) . Experimental work has also been
done on Platteville Limestone and Jordan
Sandstone, also collected in south-central
Wisconsin, and on two members of the U.S.
Bureau of Mines-A.R.P.A. Standard rock
suite, Berea Sandstone and Bedford (Salem)
Limestone.
Specimen blocks weighing 13-40 kg.
have been collected and cored (Figs. 2,3).
The time-based eyeling system shown in
Fig. 4 has been used to ventilate all of
the specimens for which results are presented in this paper. This equipment has
been eyeled at up to almost 1000 cycles in
four days with mean air velocity through
some specimens exceeding IS cm/s.
FABRIC ANALYSIS
We are concerned with the size, shape,
arrangment and orientation of grains,
pores, and microfractures, with the distribution of cement and other fine-grained
material in the pores, and with changes in
time (or ventilation) of any of the foregoing. Microscopic analysis, which is
being continued, has so far not yielded
useful diagnostics.
To augment fabric analysis, we have
been using a Fourier-optical approach to
spatial analysis, supported by a recentlydeveloped method of optical correlation 1 '-' 3 ' 4
Utilizing coherent light and suitable
optics, the two-dimensional Fourier amplitude transform of a transparent image of
a rock surface is produced as a diffraction pattern. The directions of radii to
points in the transform are perpendicular
to the directions of the corresponding input elements; the radial coordinates of
dots in the pattern vary linearly with the
spatial frequency of the corresponding input linear elements. Some basic Fourier
transform relations are presented in Fig.
5, taken from a pictorial digital atlas-*
intended for seismologists.
Photographic images of specially
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The scanning of transforms yields
profiles that greatly facilitate comparison. Earlier work ' has shown changes
associated with ventilation that seem to
indicate some transport of fines in some
rocks when airflow is unidirectional;
this is manifested as, for example, larger
high spatial-frequency content in the
transform of the low-pressure end of the
specimen.
Optical correlation provides another
means for quantifying comparisons of
spatial information.
As we have developed and applied
this method in our work, three generations of optical transforms are produced.
First, transforms of the two images to be
compared are generated. These two transforms are then used as an input, side-byside, and their joint-transform is generated (Fig. 8, top). The transform of the
joint-transform is then generated (Fig. 8,
bottom), and the intensity of its firstorder diffraction spots is a measure of
the degree of similarity of the spatial
information recorded in the first-generation transforms. These cross-correlations
are normalized by dividing the raw crosscorrelation reading by the geometric mean
of the autocorrelations of each of the
two first-generation transforms. Some of
the results obtained so far are presented
in Table 1, adapted from our last annual
report1.
The top half of the table represents
data for two unidirectionally ventilated
specimens and the bottom half presents
data for two specimens, each with one
ventilated and one unventilated input.
In the upper half, the correlation
is smaller between the high- and lowpressure ends of the red St. Peter than
between the high and low ends of the gray
St. Peter. In both the field and the
laboratory, the red St. Peter crumbles
more easily than the gray.
In the bottom half of the table, the
correlation between unventilated and
ventilated red St. Peter is smaller than

between corresponding yellow St. Peter
specimens. In the field, the yellow is
somewhat more durable than the red.

ting result is that the introduction of
lots of fines into pore spaces seems to
have a marked effect on the correlation
coefficients (cxe vs. cxd), a result also
achieved with other inputs not presented
here.

Table 1. Optical correlation of ventilated specimens.

Table 2. Normalized optical correlationsLath-like artificial inputs (Fig. 9 ) .

Normalized
CrossCorrelation

Rock
St.Peter(gray)
BE-I-18

High vs. low
pressure(gray)

0.97

St.Peter(red)
BE-I-25

High vs. low
pressure(red)

0.88

St.Peter(gray and High-gray
red) BE-I-1S,25
vs. high-red

0.93

St.Peter(gray and Low-gray
red) BE-I-18,25
vs. low-red

0.83

St.Peter(red)
BE-I-25

0.82

Vent. vs.
unvent. (red)

a
a
b

b

c

.13

.13
.34

c
d

d

e

.37

.18

.47

.28
.21

CONCLUDING REMARKS

St.Peter(yellow) Vent. vs.
BE-I-22
unvent. (yellow)

0.91

St.Peter(red and
Red vs. yellow,
yellow) BE-1-25,22
unvent.

0.85

St.Peter(red and
Red vs. yellow,
yellow) BE-I-25,22
vent.

0.84

We are continuing our work with
artificial inputs, investigating the
effects of several key fabric variables,
singly and in combination. Concurrently,
we are continuing analysis of rock specimens. Recently we have completed construction of ventilation equipment which
will permit use of air at temperatures
and pressures near the probable upper
limits of an operating system.

Further, correlation between red and
yellow unventilated specimens is about
the same as between red and yellow ventilated specimens; both of these correlations indicate less spatial similarity
than is indicated by the correlation
between yellow unventilated and ventilated.
Variations within the same unit, say the
St. Peter, may exceed changes resulting
from ventilation.
OPTICAL CORRELATION OF
ARTIFICIAL INPUTS

The assistance of Dr. Karl Scheibengraber and Mr. Jack Hopper in preparing
this paper is acknowledged with thanks.
Support for this work has been provided by D.O.E. through B.P.N.L., and
the University of Wisconsin-Milwaukee.
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Fig. 3 Cored specimens in several
stages of preparation. Host specimens are St.Peter 3andston«,5i*flu».
in diameter.

Fig. 1 Faulted St.Peter Sandstone
in quarry near Verona,Wisconsin.
Scale: Haraner in foreground.
Rock breaks out in large blocks
which disintegrate quickly. Darker
beds are red.

Fig. 4 Time-based cycling system.
Specimen chamber is in front of
three circular pressure gauges,
right-center. Air is heated in tall
column at extreme right. At left,
three pyroneters(rectangular).

Fig.2 Specinen blocks weighing 15kO kg. Scale is 15 en. long.
Two of the blocks shown have been
drilled for NX(54*a) cores.
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Fig. 5 Fourier transforms of
truncAted functions. The window
functions correspond to apertures
of illumination. In a),b),and c)
in the left-hand column, the infir.ite function times the window
function yields the truncated
function iwaediately below. Trans-

form equivalents are in the righthand column ; the * denotes convolution, by which the transform of
the truncated function is obtained
from the functions above. The
square wave in b),left side, corresponds to a profile across white
and black lines of equal width.
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Fig. 7 Top. Yellow and pink St.
Peter Sandstone.Same treatment and
scale as in Fig. 6. Bottom.Optical
transform of abovo(O.D.A.23?3).
Same scale as Fig.7.

Fig. 6 Top. Light gray Berea Sandstone. Specimen pores are filled
with whits paint.Short bar: O.kmn.
Bottom. Optical transform of above.
(O.D.A.2372).Scale bar:2.5 lines/mm
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Fig* 8 Joint-transform optical
correlation.
Top. Joint-transform ot two optical transforms. Regularity and distinctness of vertical bands are
greater the more similar are the
two transforms being compared.
Fig.9 Top. Artificial inputs simulating lath-like grains. From
a to c preferred orientation decreases and porosity increases.
The large grains in c.d.and a
are identical, with fine materials
in the pores increasing from
c to e ,

Bottom. Optical transform of the
joint-transform above. The brightness of the two first-order diffraction dots, marked by inverted
V's, varies with the regularity
and distinctness of the vertical
bands in the joint-transform.

Bottom. Optical transforms of the
inputs above.Mote that the number
of radiating bands increases from
the transforms of a to c, and that
the high spatial-frequency content
increases from the transform of c
to that of e .
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NUMERICAL MODELING OF BEHAVIOR OF CAVERNS IN SALT
FOR COMPRESSED AIR ENERGY STORAGE
Thomas E. Cundey, Senior Math Analyst
and
Shosei Serata, President
Serata Geomechanics, Inc.
1229 Eighth Street
Berkeley, California 94710

ABSTRACT
Finite element techniques are being used to establish general
design criteria for caverns in salt formations that could be used for
compressed air energy storage (CAES). The three types of parameters
being studied are geological (in situ stresses, material properties),
geometric (cavern dimensions, cavern spacings), and operational (air
pressures, air temperatures). The numerical studies are being supplemented by a laboratory testing program developed to determine the effect
of a cyclic loading environment on the material properties of rock salt.
The five phases of the overall program are described, and the work completed to date is discussed. Preliminary ranges of the most significant
parameters are presented. Areas in which additional research is
necessary are identified, with particular regard to laboratory testing.

INTRODUCTION
Among the unknowns that affect
the technical and economic feasibility of compressed air energy
storage (CAES) in rock salt are the
responses of underground openings
to fluctuations in pressure and
temperature that would occur in the
daily charge and discharge operations of CAES plants. The thermomechanical stresses generated by
such fluctuations and by the elevated storage temperatures might
cause mechanical damage to the
walls of CAES caverns, thereby
affecting their overall stability.
The material properties of rock
salt, including creep behavior,
have been studied previously.
However, many uncertainties remain
concerning the responses of rock
salt to very long-term loading,
cyclic loading, thermal variations,
and volumetric changes, and the
ways in which these responses

might influence the long-term
behavior of CAES caverns in this
material.
In order to develop suitable
stability and design criteria for
CAES caverns in rock salt, a
multi-phased program of study has
been initiated. The first phase,
a state-of-the-art survey and
formulation of preliminary
stability and design criteria, is
currently underway at Louisiana
State University (LSU). The
second phase, which is the subject
of this paper, will use numerical
modeling of the behavior of CAES
caverns in rock salt. The third
and fourth phases will be a
laboratory investigation of the
material properties of rock salt
relevant to CAES caverns and field
studies of CAES cavern behavior.
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underground openings in bedded
salt formations was a major consideration in giving priority to
solution cavities in salt domes.

PROJECT DESCRIPTION
The five principal research
activities in this second phase of
the program and the studies to be
undertaken within each activity
are described in the following
sub-sections.
IDENTIFICATION OF RANGES OF
VARIABLES
There is considerable uncertainty about some aspects of the
mechanical and thermal behavior of
rock salt surrounding CAES caverns.
Therefore, for purposes of numerical simulation studies, a practical
range of values must be established
for each variable that has significant influence on the behavior
of the caverns. The following
sources of data.are being used to
develop ranges for these variables:
(1) the published literature;
(2) the data base established by
the LSU state-of-the-art survey;
(3) operational criteria developed
by previous CAES studies; and
(4) data and experience accumulated
by Serata Geomechanics, inc. (SGI)
in previous studies of the behavior
of salt caverns used for the storage of compressed air, natural gas,
LPG, and crude oil.
The variables for which parametric ranges are being investigated include the following:
cavern geometry, cavern depth,
cavern separation (in multiple
cavern systems), in situ earth
stresses, the rheological properties of rock salt, the permeability of rock salt, cavern operating
mode (compensated or uncompensated),
and cycles of operating temperatures and air pressures. Major
emphasis is being placed on uncompensated caverns created in salt
domes by solution mining. The
highly site-specific nature of the
geologic and geometric parameters
involved in the numerical analysis
of abandoned conventionally-mined
395

The data available from
existing sources is insufficient
to establish satisfactory general
criteria for the effects of cyclic
loading on the behavior of rock
salt. A limited program of laboratory testing is therefore
being undertaken to investigate
these effects. This work is intended to give qualitative and
some quantitative information to
supplement existing knowledge of
fatigue behavior of earth materials . A small quantity of rock
salt has been obtained for these
tests. The basic properties of
the salt are derived from triaxial tests and triaxial creep
tests on some of the samples.
Other samples are subjected to
different numbers of cyclic reversals of deviatoric stress under
confining pressures typical of
those expected in rock salt surrounding CAES caverns. After
cyclic loading, the elastic and
creep properties of the salt are
measured and compared with the
properties of the salt samples
that were not cyclically loaded
to determine the effects of cyclic
loading on salt properties.
COMPUTER SIMULATION TECHNIQUES
The primary computer simulation studies are being performed
using SGI's finite element computer program (REM). This program
has been developed and used to
study the time-dependent behavior
of underground openings in conventional and solution mines and
the stability of storage cavities
for oil, natural gas, LPG, and
compressed air.
To study the effects of
thermo-mechanical stresses and of
temperature changes on material

properties, the finite element
program HEAT, developed at the
University of California, Berkeley,
is being used. This program
analyzes steady-state and transient
linear heat conduction in plane and
axisymmetric regions. Output from
the HEAT program provides insights
into the magnitude and distribution
of rock temperatures which are used
as input to the geomechanical
analyses to be performed using the
REM program.
PARAMETRIC STUDIES
The parametric studies are
designed to investigate the effects
of variations in the principal geological, geometric, and operational
variables on cavern behavior and
stability. The principal variables
to be studied using the computer
simulation models include cavern
geometry and depth, material properties of the rock salt, in situ
stresses, and operating conditions
(e.g., magnitudes and rates of
change of pressure and temperature).

being developed. The criteria
being developed include cavern
geometry and depth, in situ earth
stresses, cavern spacing, material
properties of rock salt, the permeability of rock salt, the magnitudes of operating pressures and
temperatures, and the maximum flow
and heat transfer rates.
RECOMMENDATIONS FOR ADDITIONAL
RESEARCH
Using the results of the current research and other experiences in the design of underground
cavities, additional geotechnical
research necessary to develop
satisfactory criteria for the
stability and design of CAES
caverns in rock salt will be
identified and recommended. These
recommendations will include guidelines for laboratory testing of
rock salt and field studies of
CAES caverns.
RESULTS
LITERATURE REVIEW

The range of each variable
used in the parametric studies is
based on the results of the literature and data-base review. However,
if the numerical analyses indicate
that other variables or variable
ranges should be investigated, the
analysis program will be modified
appropriately. A limited number of
simulations will also be conducted
to investigate modes of cavern
failure induced by extreme conditions such as very high or very
low cavern pressure, elevated air
temperature, extreme cavern dimensions, and small cavern separation
distances in multi-cavern networks.
CRITERIA FOR STABILITY AND DESIGN
Drawing upon the results of
the studies at LSU and the computer
simulation studies described above,
general criteria for the stability
and design of CAES caverns are

A review of the published
literature was conducted at the
outset of the research in hope
that some of the environmental
conditions surrounding CAES caverns
in salt had been investigated
previously. Because much work had
been done by the authors and other
investigators in studying the
static mechanical properties of
rock salt with particular emphasis
on creep, this area was de-emphasized in the literature review.
Major emphasis was instead placed
in three other areas: the effect
of cyclic loading on the behavior
of rock salt, the permeability of
rock salt under various stress
states, and the effect of elevated
temperature on rock salt behavior.
Cyclic Loading. No literature
could be found on the effect of
cyclic loading on rock salt
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behavior, and in fact little work
has been done on the behavior of
any rocks under cyclic loading conditions. Soil materials under
cyclic loading conditions, on the
other hand, have been studied extensively in recent years, particularly to advance the art of
designing earthquakt;-resistant
structures and for offshore oildrilling platform foundations. The
most comprehensive laboratory investigation of rock behavior under
cyclic loading conditions was done
"by Professor B. C. Haimson and his
colleagues at the University of
Wisconsin. Although the differences in the behavior of rock salt
and the four hard rock types
(marble, limestone, sandstone, and
granite) used in the Wisconsin
study are appreciated, it is nevertheless useful to summarize some of
Professor Haimson's findings.
In cyclic uniaxial compression
tests on all four types of hard
rock, the following observations
were made:
(•1)

All rock types showed a
fatigue strength of 60
percent to 80 percent of
the uniaxial compressive
strength;

(2)

Stress-strain curves
showed large hysteresis
in the first cycle,
decreasing hysteresis in
the next cycles, nearly
constant hysteresis loops
in the following cycles,
and a reopening of the
loops in the final cycles
prior to failure;

(3)

secondary stage with
constant creep rate, and
finally a stage in which
the strain rate increases
until failure occurs;
(4)

The cyclic creep curve
was invariably bounded
by the complete stressstrain curve of the
respective rock.

Only granite was tested in
cyclic triaxial compression, and
its behavior was similar in every
respect to that under cyclic uniaxial compression, in addition,
an increase of fatigue strength
with increasing confining pressure
was observed. Other cyclic tests
were conducted under uniaxial tension and uniaxial compressiontension, but those loading conditions are not relevant to CAES
caverns and will not be discussed.
Attewell and Farmer proposed
a hypothesis to explain the resultant deformation of a fine-grained
dolomitic limestone in cyclic uniaxial compression which appears to
be compatible with Haimson's findings and is based on strain-energy
dependent crack propagation. Above
a threshold stress level at which
cracks are initiated, the deformation from successive sub-failure
load cycles is cumulative, with
failure occurring when the strain
energy stored in the rock exceeds
a critical level equivalent to
failure under non-cyclic loading.
Permeability. The permeability of
rock salt under various stress
states was studied by Chia-Shing
Lai at Michigan State University
in 1971. A special high pressure
triaxial cell was designed and constructed for the permeability
tests. Lateral and axial loading
was controlled by two independent
hydraulic systems. Uniform flow
of the permeating fluid (kerosene)
was applied to the specimens under

Three characteristic
stages of cyclic creep
were observed in all
four rock types: a primary stage, in which
strain increases from
cycle to cycle at a decelerating rate, a
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relating creep rate with temperature, stress, and time:

a constant fluid pressure. All
tests were conducted at room temperature .

3.2 x 10 -36
Numerous tests were conducted
using a wide range of values of
mean stress and octahedral shearing
stress, and empirical relationships
between permeability and stress
were developed. The permeability
of rock salt was found to vary
between 0.0036 and 40.68 millidarcies for any stress state imposed.
The following empirical equation
was derived from the laboratory
data:
log k = 0.62 + 0.00139To"ct "
0*000670^
where k is ths permeability (millidarcies), T'oct i s t^ e octahedral
shearing stress (psi), and 0"m is
the mean stress (psi). Note that
the permeability increases with
increasing shear stress but decreases with increasing mean
stress.
Temperature. The effects of temperature on the behavior of rock
salt have been studied relatively
extensively in both the laboratory
and the field. Serata has found
that temperatures up to 300 degrees
Farenheit have little effect on the
elastic and viscoelastic behavior
of salt, but that the viscoplastic
properties (octahedral shearing
strength and viscosity) are strongly affected by elevated temperatures. The shearing strength of
salt was observed to decrease with
increasing temperature, and the
salt became more ductile. Bradshaw, Lomenick, McCain, and others
have studied the thermal behavior
of salt in both the laboratory and
the field during Project Salt Vault,
a study of the feasibility of
nuclear waste storage in salt mines.
They also found the thermal effects
on creep to be very significant and
have fit their model pillar studies
data with an empirical function
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fc-0.65

where d is the pillar strain rate
(10~6 per hour), T is the temperature (degrees Kelvin), <T is the
stress (psi), and t is the time
(hours).
The geothermal temperature
increase with increasing depth .
(about 2 degrees Farenheit per
100 feet depth) would indicate a
temperature of about 150 degrees
Farenheit at 4,000 feet, the deepest depth to which CAES cavities
would probably extend, and the
viscoplastic creep rate is significantly increased at temperatures
in this range. The pressure difference between the lateral earth
stress and the cavity air pressure
also increases with depth. Furthermore, the boundary temperature
will vary cyclically with the air
pressure. This will induce a nonuniform temperature distribution
around the cavity which has to be
determined so that the temperaturedependent material properties of
the salt near the boundary can be
adjusted. A two-dimensional linear
heat conduction finite element
program developed by Professor
R. L. Taylor of the University of
California has been adopted for
this purpose.
LABORATORY TESTING
Cylindrical salt specimens
with diameters of 6.6 centimeters
(2.6 inches) and lengths of 13.2
centimeters (5.2 inches) were
cored from slabs of salt from the
Diamond Crystal Salt Mine in the
Jefferson Island Salt Dome in
Louisiana. Some of these samples
are being tested in conventional
triaxial compression and triaxial
compression creep tests to establish their elastic and timedependent material properties.

Other samples are being loaded
cyclically to determine the effect
of cyclic loading on the material
properties as determined in the
static tests.
Although a number of the
cyclic tests have been conducted,
the analysis of the test results
has not yet been completed. One
series of tests was conducted at
a confining pressure of 17,250
kN/m2 (2,500 psi) and axial load
varying between 17,940 kN/m
(2,600 psi) and 53,130 kN/m2
(7,700 psi) at a frequency of 1
cycle per hour. This extremely
high deviatoric stress, equivalent
to about 90 percent of the triaxial strength at this confining
pressure, is unrealistic to expect
in a CAES environment but was
chosen to provide evidence of
fatigue characteristics of rock
salt. A second series of tests,
still in progress, employs a confining pressure of 17,250 kN/m2
(2,500 psi) and axial load varying
between 21,840 kN/m2 (3,165 psi)
and 29,190 kN/m2 (4,230 psi) at a
frequency of 2 cycles per hour.
After a predetermined number of
cycles (which varies from test to
test) are completed, the samples
are tested in triaxial compression
creep tests, and the material
properties therein determined will
be compared with those of the noncyclical ly loaded samples.

Cavern air pressure = 0 kN/n»2 to
15,215 kN/m2 (0 atm to 150 atm)
Excess in situ lateral stress =
-10,978 kN/m2 to +10,978 kN/m2
(-1,591 psi to +1,591 psi)
Octahedral shear strength of salt =
3,795 kN/m2 to 5,175 kN/m2
(550 psi to 750 psi)
Other salt properties = Weak to
strong
In the first studies the
behavior of a horizontal section
of a single vertical cavern in an
infinite salt mass was investigated
using an axisymmetric model. A
set of parameter base values were
used:
Cavern depth = 610 m (2,000 ft)
Cavern air pressure = 5,070 kN/m2
(50 atm)
Excess in situ lateral stress =
4,391 kN/m2 (636 psi)
Octahedral shear strength of salt =
4,140 kN/m2 (600 psi)
Other salt properties = Weak
One parameter was varied through
the ranges described above while
che others held their base values.
Cavern air pressure in these first
analyses was static rather than
cyclic. Final graphs of the output data from these runs are not
complete.

PRELIMINARY NUMERICAL MODELING
STUDIES
Parametric ranges for some of
the principal variables to be investigated have been established
based on the results of the literature review, previous CAES studies,
and the authors' experiences in
salt cavern design, as follows:
Cavern depth = 153 m to 1,529 m
(500 ft to 5,000 ft)
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FUTURE WORK
Once the preliminary parametric studies of cavern depth,
cavern air pressure, excess in
situ lateral stress, octahedral
shear strength of salt, and other
salt properties are completed, the
single cavern models will be modified so that other effects can be
investigated. Cyclic cavern air

pressure will be studied, and program HEAT will be used to compute
temperature distributions around
single vertical caverns. The
degree of air permeability will be
assessed based on Lai's studies,
and material properties of salt
near the cavern boundary will be
adjusted to simulate the deterioration of the boundary salt. All
these analyses will employ the
geometry of a horizontal section
of a single vertical cavern in an
infinite salt mass, as this is the
most economical geometry.
The next step after the parametric studies of the operational
and geological variables is a
parametric study of geometric
variables. The first of these
will be cavern diameter and cavern
length; and again a single vertical
cavern in an infinite salt mass
will be analyzed axisymmetrically.
but the entire cavern will be
modeled rather than just a horizontal section. Single-cavern
analyses will be followed by
double-cavern and other multicavern simulations, so that the
effect of separation distance
between adjacent caverns can be
investigated. Although the
realistic ranges of most of the
variables will have been established by this time, a number of
extreme cases will also be run to
gain insight into potential cavern
failure modes.
The results of all the numerical studies will be carefully
studied to determine general
stability and design criteria for
CAES caverns. The numerical results will be supplemented by the
results of the literature study.
Professor Thorns' state-of-the-art
report, and our experiences in
salt cavern design. Recommendations for future work in both the
laboratory and the field will be
made.
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Although our numerical
studies are far from completion, it
is evident that much work has to be
done to evaluate possible coupling
effects among the key operational
parameters—cyclic air pressure
and air temperature. As discussed
earlier, no studies have been
reported on the effects of cyclic
loading on salt, but there is
literature on rock salt permeability and temperature effects on salt
properties. It is hoped that
laboratory investigations of the
combined effects of elevated temperature and cyclic loading can be
completed and the numerical models
re-evaluated after these laboratory investigations have been
completed. Furthermore, final
verification of the models
requires the collection and
analysis of field data from a CABS
demonstration site.
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ABSTRACT
The application of a general Compressed Air Energy Storage (CAES) power system design
optimization methodology to the class of CAES plants having aquifer air storage reservoirs
is discussed. The resulting procedure incorporates performance and economic models for
the aquifer reservoir, wells, piping, and air compression system. Its use allows identification of designs which minimize the subsystem power generation cost (mills/kWh), while
satisfying constraints related to the geology, equipment, and utility load curve. The
design specification resulting from the optimization procedure includes: land area to be
purchased, well depth, number of wells, well spacing, wellbore diameter, main pipeline
diameter, required compressor system power and discharge pressure, and required compression time durations for each day of the week. A capital and operating cost summary for
the optimum design is a final output of the procedure. This paper reviews the models and
constraints incorporated in the optimization procedure. Although the basic framework is
well-developed, some refinements or additions to the modeling may be necessary to improve
the results; these possibilities are discussed. Results of case studies are included in
the paper in order to illustrate the power and potential economic impact of the techniques
described, to demonstrate some of the economic tradeoffs which occur' in the optimal design
of aquifer reservoir-based CAES systems, and to show the influence of certain cost parameters .
INTRODUCTION
A major portion of the Department of
Energy research program on Compressed Air
Energy Storage (CAES) is devoted to addressing air reservoir concerns. In the case
of constant-pressure (hard rock) caverns,
it is quite easy to design a reservoir
which satisfies the planned operating
cycle of the CAES plant, once the turbine
system air supply requirements have been
specified. It is then straightforward to
include the effect of cavern costs in economic studies of turbomachinery options
(e.g., see Ref. 1 ) . The situation is somewhat more complicated in the case of constant-volume (usually salt cavity) reservoirs. For these reservoirs, the peak
storage pressure (related to the amount of
cushion air) must be selected, which involves finding the economic balance between
air compression and cavern volume costs.
The relative design simplicity of hard rock
and salt cavity reservoirs has resulted in
a DOE-sponsored research emphasis on the
long-term stability or reliability of the
reservoirs undergoing CAES plant operating
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conditions.
When aquifers are considered for CAES
reservoir application, the number of design
parameters to be selected is much larger
and, in addition, there are many constraints
imposed by the operating cycle, the interaction with aboveground machinery, and the
geological characteristics. These factors
give a great incentive to the careful exploration of aquifer system design options,
so that the economic benefit of the plant
can be maximized while simultaneously insuring its long-term capability to meet the
plant operational criteria. The primary
goal of the work reported here has been to
develop an appropriate, comprehensive,
means for performing these design studies.
The performance, economic and design optimization considerations which form the
bases of the design procedure are described
and illustrated with example case study
results in subsequent sections.

DESIGN STRATEGY
PHILOSOPHY
Because of the complexity of an aquifer reservoir-based CAES system, both in
terms of subsystem interactions and design
constraints, it was decided to orient the
formulation of the design procedure toward
the utilisation of generalized, computeroriented techniques for solving nonlinear,
constrained optimization problems.2 With
this approach, a basic framework for system
design can be developed so that new improvements in the technical or economic models
can be easily incorporated. Implicitly,
the choice of basing the design procedure
on modern optimization techniques reflects
a recognition of the confusion and inadequacy which could result from applying the
more traditional "parameter study" approach
to a problem of this magnitude.
SYSTEM CONSIDERATIONS
In principle, and probably in practice,
the design optimization of an entire CAES
system could be handled as one large problem, especially if the models employed for
individual system components were not too
detailed. However, consideration of a
general formulation led to the development
of an advantageous decoupling strategy
which enables separate optimization of particular subsystems without compromising
the optimal system design. Each of these
suboptimizations is, of course, simpler to
perform than that of the full problem.
In broad terms, a CAES power system
comprises the following: the air compression train (compressors, intercoolers, aftercooler); compressed air piping; air
storage reservoir (any type); power generation train (e.g., turbines, combustors, recuperator) ; reversible motor/generator and
the utility grid. Although the utility
grid is not physically part of the CAES
plant, this interaction should be considered in designing the plant, since the design (cost) of the plant can influence
utility usage (operating cycle). Conversely, the utility load cycle affects the
plunt design (i.e., a coupling exists).
For the purpose of design optimization the
overall system can be decomposed into three
subsystems (see Fig. 1 ) . The first subsystem (subsystem 1) comprises the air compression train, the main piping and air
distribution system and the air storage
reservoir.
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Fig. 1.

Typical CAES Power System

Subsystem 2 is the power generation train.
The motor/generator and the utility grid
are incorporated in the third group (subsystem 3 ) . It is important to note that
this particular decomposition is general,
in the sense that it is not dependent upon
the internal design of any particular subsystem. Furthermore, it minimizes the number of coupling variables. That is, the
interactions of subsystems 1 and 2 with
subsystem 3 are dependent on only one coupling "variable" — the utility load cycle.
The interactions between subsystems 1 and
2 (the ones of principle concern to the
plant designer) are dependent on only three
coupling variables — the inlet pressure to
the power generation train (p t .), the specific air mass flow rate (&') and the utility load cycle.
The criterion for optimum design is
chosen to be the total normalized cost (C)
of the system (i.e., cost per unit of electricity generated by the CAES power plant).
This total cost is the sum of the individual
subsystem normalized operating costs.* The
costs have to be minimized subject to various performance and technical constraints.
The implication for CAES plant design is
that, for a given utility load cycle, a suboptimization of subsystem 1 would provide
the minimum subsystem operating cost (c9)
and values for the corresponding subsystem
design variables, as a function of the
coupling variables — p t and &'. Similar
optimization for subsystem 2 would yield

Typically the normalized operating costs
include fuel costs, maintenance, charge
rate on capital investment, etc.

C? (the minimum operating cost of subsystem
2) and its optimum design, as a function of
the coupling variables only. Finally, the
sum of c!jl and C? can be minimized by inspection to determine the optimum values of the
coupling variables, the minimum plant cost
(C*) and the optimal plant design. The
process can obviously be expanded (in principle) to include variations in the utility
load cycle and consideration of the resulting economic benefits or penalties to the
utility. A noteworthy corollary of the
approach described is that changes in the
design options considered (e.g., turbines
vs. piston expanders) in one subsystem do
not invalidate the optimization results for
the other subsystem. The remainder of this
paper is confined to consideration of the
design of a particular variety of subsystem
1 — one with an aquifer reservoir.

For the purpose of analysis, it helps
to make a distinciton between edge-water
and bottom-water reservoirs. Edge-water
reservoirs, shown in Fig. 2, are characterized by relatively thin formations, a caprock of appreciable dip, an underlying impermeable layer, and water driven to the
edge of the field during bubble development.

AQUIFER RESERVOIR
TECHNICAL CONSIDERATIONS
Fig. 2.
The design of aquifer reservoirs for
CAES requires integration wif.h the characteristics of the aboveground machinery,
piping, and the utility load cycle. The
design also depends greatly upon site-specific geol gical properties like porosity,
discovery pressure, permeability and
threshold pressure.3"* Some of these in situ
properties enter into the flow performance;
others impose design constraints. Complications are introduced by way of distributed flow resistance, formation heterogeneities and possible two-phase flow of water
and air. Due to the complexities, however,
aquifer reservoirs appear to offer a significant potential for economic optimization.
For an underground porous formation
to be suitable for storing compressed air,
it should have certain structural features.
Suitable aquifers are usually in the approximate! shape of an inverted saucer. The
top consists of a tight porous caprock,
saturated with water. The interfacial
property of the air-water system in these
tight pores does not permit the flow of
air. Thus, the dome shape will prevent
any lateral or vertical migration of compressed air. The compressed air is contained in the pores of the rock between
the caprock qnd the bottom layer of water
and/or rock. In aquifers, the adjacent
water moves under an applied pressure
gradient and therefore requires careful
monitoring to ensure zero net movement
over a period of time.

Edge-Water CAES Aquifer
Reservoir

In bottom-water reservoirs, depicted in
Fig. 3, a water-air interface lies in a
nearly horizontal plane beneath the air
bubble. This commonly occurs in thick
formations. A characteristic unique to
bottom-water reservoirs is the phenomenon
of water coning. Because the bottom-water
reservoirs involve more design variables
and constraints, they have received the
greatest attention in the present optimization study.
AQUIFER-RELATED DESIGN CONSTRAINTS
As related to CAES systems, potential
constraints imposed by the aquifer characteristics have been discussed in Refs. 3
and 4. These constraints were largely
identified from experience in natural gas
storage. The DOE-funded work in progress
on aquifer reservoir stability may result
in identification of additional ones. The
constraints presently appearing to be important for inclusion in the CAES design
procedures are as follows.
Air Bubble Sl^e. After growing the air
bubble to the desired equilibrium size,
further growth or shrinkage due to the
daily variations in pressure is to be nullified. This concern is reflected in two
related constraints. First, the total mass
of air stored during a weekly cycle should
equal the total mass removed. Second, for
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TOP PROJECTION

optimization to be determined. This information includes the total bubble volume as
a function of bubble thickness (measured at
tbe apex of the dome) and the spill point
(maximum bubble thickness for which the air
will remain trapped by the caprock). The
corresponding constraints are that the area
occupied by the well-field must not exceed
the projected bubble area and the bubble
size must not exceed the spill point volume.
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Bottom-Water CAES Aquifer
Reservoir

long-term constancy of bubble size, a pressure schedule having the average weekly
pressure (corresponding to the mean mass
of air in the bubble during the week) equal
to the aquifer discovery pressure should be
adopted.
Charging Pressure. In operating CAES
plants, no apparent advantage results from
using high injection pressures; actually,
there are economic benefits of injecting
air at the minimum possible pressure compatible with the reservoir dynamics and
power availability. However, during air
bubble development, a high pressure will
reduce the development time. An upper
limit on charging pressure is imposed to
avoid exceeding either the caprock
threshold pressure or the overburden pressure.

Water Coning. The problem of water coning
in bottom-water reservoirs means that, for
given reservoir conditions and well penetration depth, a critical flow rate of air
exists above which air cannot be withdrawn
from the reservoir without simultaneous
production of water. The critical flow
rate is extremely sensitive to in situ
reservoir heterogeneities. It is known
that the presence of an impermeable barrier like a shale streak below the well
would drastically inhibit bottom-water
from coning into the well. The phenomenon
of water coning has been studied extensively in the past under the assumption of
steady state flow, but an order of magnitude estimation for CAES applications
(short discharge time) indicates that a
non-steady analysis is required to adequately determine the maximum well penetration that permits withdrawal of compressed air without co—production of water.
Little attention has been given to this
situation in the literature. Therefore,
the coning height is presently treated as
a parameter in the design procedure. The
intention is to calculate the cost and
performance sensitivity of the aquifer system to this parameter. This will help establish the priority to be assigned to the
study of transient coning.
Well Spacing. It can be observed5 by considering the dynamics of flow in porous
media that, for a given charging or discharging time, a critical distance exists
around each well beyond which only a negligible amount of compressed air storage can
occur. This gives rise to an economic constraint on maximum well spacing (i.e.,
greater spacings would be wasteful of land
and bubble volume). The critical spacing
can be calculated from a diffusion time
formula.3'5
AQUIFER FLOW MODELING

Aquifer Geometry. It is obvious that the
reservoir design and storage capacity must
be compatible with the site-specific geometry of the formation. Contour maps for
the site enable the information needed for

Due to the design requirements imposed
by the system coupling variables (turbine
inlet pressure and mass flow rate) and the
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need to select a proper pressure ratio for
the air compressor train, a prediction of
the formation pressure drop is needed in
the design optimization procedure. Based
on an extensive study of the modeling requirements for flow in porous radial disc
geometry (as applied to CAES applications
in edge-water aquifers), 5 It can be reasonably expected that a simple quasi-steady
model will suffice. To allow consideration
of bottom-water reservoirs (having a coning
constraint), as well as to insure that potential economic benefits of partiallypenetrating (i.e., shallower) wells can be
examined by the optimization procedure, a
more general, two-dimensional, version of
the quasi-steady model 2 is employed in the
present study. In order to easily use the
formation pressure drop equation (i.e., to
employ a single "typical well" model), the
active part of the actual dome-shaped reservoir has to be represented by an equivalent cylinder having the same projected area
and a height equal to the ratio of actual
storage volume to projected area. This information is determined from-contour maps.
The amount of mass stored or removed
during a given charge or generation process is used, together with the void volume
of the active well-field within the bubble,
to determine the change in mean formation
pressure occurring during that process.
Combining this information with the quasisteady formation pressure drop prediction
enables the maximum and minimum wellbore
pressures occurring during the week to be
found. These values, in turn, are needed
in assessing the compatibility between the
reservoir design and the aboveground equipment.
The chief uncertainty in the flow
modeling just described is that it assumes
values for the effective permeability and
porosity of the porous medium are known.
These values are influenced not only by
heterogeneities in the rock, but also by
the distribution of water throughout the
formation following bubble development and
subsequent dryout (to the extent it occurs).
Although moisture effects have been considered, 3 more work is required to resolve
the issues. As a reasonable measure, for
design study purposes, the following simplifications are used. First, to account
for the reduction of storage space because
of moisture remaining after bubble development, a modified porosity has to be defined.
It is recommended that, until more accurate
information becomes available, the dry porosity value, reduced by the connate water

408

saturation,4 be used in all calculations.
Second, since, in a radial geometry, the
pressure losses are concentrated around the
wellbore, which should be relatively dry,
it seems justifiable to use the dry permeability values in estimating the pressure
drop in the reservoir.
OPTIMAL DESIGN OF A CAES
SUBSYSTEM WITH AQUIFER RESERVOIR
The decomposition concept described
earlier suggests that the aquifer reservoir,
compressed air piping, and air compression
train should be designed concurrently as a •
subsystem. This grouping has minimal interaction with the rest of the CAES system.
It should be realized that any attempt to
design and optimize only part of this subsystem (namely, the aquifer well-field
alone) would be less satisfactory and,
possibly, misleading. The resulting "solution" would be dependent on assumed values
of parameters such as piping pressure drops
and would not directly allow the compression costs to impact the reservoir design.
Site-specific reservoir design studies
for CAES have been discussed in previous
literature. For example, a conceptual design of a complete CAES plant using the
Brookville aquifer as the reservoir was
conducted by General Electric.6 The design
was based on more or less state-of-the-art
equipment and was used to test some general
conclusions concerning technical and economic feasibility of compressed air storage.
Also, Katz and Lady1* have analyzed (and
partially optimized) an aquifer and a reef
system to illustrate a design philosophy
for CAES plants using underground porous
media. The general techniques resulting
from the present project should aid in
conducting optimal design studies for CAES
systems in the future.
SUBSYSTEM PERFORMANCE MODELING AND
DESIGN CONSTRAINTS
The performance modeling and design
constraints associated with the aquifer
were discussed in an earlier section.
These aspects have received the greatest
attention because they are complex and
reservoir costs are dominant in subsystem
1. Rather simplified compressor train and
piping system performance models are used
in the present subsystem 1 design procedure.
However, the incorporation of more detailed
models would not alter its basic structure.

The design considerations are best
illustrated by reviewing a typical step in
the iterative search for the optimum CAES
subsystem design. The typical design step
includes compression train design, based
on flow rate and pressure drop calculations
for a charging process, and checking of the
available turbine inlet pressure, based on
pressure drop calculations for a power
generation process.
First, the compressor train mass flow
rate is calculated from the known turbine
flow rate and ratio of weekly power generation to storage time. This calculation incorporates the non-growth constraint for
the air bubble and also assumes (for simplicity) that the mass flow rate during
every charging period is the same. Next,
the required compressor train discharge
pressure is calculated by adding the pressure drops in the wells and compressed air
piping to the maximum wellbore bottom pressure, predicted with the aquifer model.
The maximum wellbore pressure depends on
the weekly mass charging/discharging cycle,
the wellbore diameter, depth of well penetration, well spacing, and number of wells.
From knowledge of the compressor train discharge pressure and flow rate, and specification of the pressure ratio across the
low-pressure compressor* (either 11:1 or
16:1), the total compression power is calculated from available data. 3 ' 5 ' 7

power generation process occurring at the
time of the week for which the mass stored
(bubble pressure) is minimum. This procedure enables the determination of the minimum pressure available to the power generation train for the design being considered.
For a design to be acceptable, this pressure must be at least as high as the specified inlet pressure.
In the compressor design stage described above, the total charging time was
used; it influenced the predicted charging
flow rate and power. It should be noted
that this charging time duration and power
level must be checked for compatibility with
the specified utility load cycle. An idealized utility load cycle is shown in Fig. 4,
together with the corresponding reservoir
air storage cycle.

mmr

After the pressure drop analysis of
the compression process, some similar pressure drop calculations are done for the
The compressor train is modeled as comprising a low-pressure compressor, a
booster compressor, and appropriate intercoolers and aftercooler.
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The pressure difference from well-head
to well-bottom reflects friction and gravity effects using standard relationships • 3>il
The piping system friction pressure drop is
patterned after the simplifications employed
by Katz.1* It is assumed that the majority
of the pressure drop in the surface piping
system occurs in the main pipeline and that
an equivalent pipe length (L) can be defined to account for pressure drops in the
feed, cross-feed and branch pipelines. The
most significant design variable of the
piping system is then the diameter of this
main pipeline. Standard relationships are
used in these calculations.3 A 2% additional pressure drop in the aftercooler is
added.

,
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The power generation level and time schedule is considered invariant, reflecting
the power demand for which the CAES plant
is to be designed. The excess power level
for 'storage and its daily available time
durations, however, have maximum values
but these may not be entirely needed by
the CAES plant which is being designed.
Since the compressor power and the time
variation in air storage over the week can
both influence the subsystem costs, the
tradeoffs between the two* allowed by the
present optimization procedure can lead to
potential operating cost reduction.

The beginning and ending time for each
charging process and the compression power
(assumed uniform for simplicity) are all
considered as design variables, subject to
the maximum value constraints imposed by
the utility.

SUBSYSTEM ECONOMICS:
FUNCTION

OPTIMIZATION PROCESS

THE OBJECTIVE

At every stage in the optimization
process, the trial design being considered
has an associated set of costs. To put the
costs on a common basis, it was decided to
minimize the total operating cost (per unit
of power generated) attributable to subsystem 1. In the terminology of optimization
theory, this operating cost is the objective function to be minimized. It comprises the annual carrying charge on capital, subsystem operating and maintenance
(O&M) costs, and the cost of compression
energy (electricity) derived from the base
plant off-peak power. The specific capital
costs included are:
(1) Main piping and distribution system dependent on piping design and number
of wells.
(2) Wells - dependent on number, depth,
and diameter.
(3) Land - for simplicity, assumed proportional to projected area of air bubble.
(4) Compressor train - based on data from
Ref. 7.
(5) Bubble development - dependent on
equilibrium bubble volume (air compression cost) .
The O&M cost is assumed proportional to the
capital charge cost. Further details on
the cost calculations and data are given
in Refs. 2 and 3. The design variables influencing the various cost components are
depicted in Table 1.
Table 1. Subsystem 1 Cost Factors

Design
Variables

Cost Items
Bubble
Develop- Air ComComment
pression
Wells Land PipinR pressor

Utility Load
Cycle
Wellbore
Diameter
Well Penetration

X

X

X

X

X

X

X

X

Bubble
Thickness
Number of
Hells

X
X

X
X

Well Spacing
Main Pipeline
Diameter
h.V. Compressor Pressure

X

X

X
X

X

X

X

X

X

ECONOMIC TPADEOFFS IN DESIGN
The number of design variables (related to the flexibility of the model) requires the investigation of many tradeoffs
during optimization. Although some of
these tradeoffs are perhaps obscured by the
"automatic" nature of the optimization, the
formulation of the procedure and operational
experience have led to the identification
of several tradeoffs.
(1) Active Bubble vs. Total Bubble Size.
Little incentive exists to sinking wells
near the outer periphery of the reservoir.
For a given bubble thickness at the apex
of the dome, as the active land area increases, the average well thickness decreases (see Fig. 3) so that the performance per well suffers and the number of
wells increases. However, fewer, deeper,
wells concentrated near the center of the
bubble results in development of a largely

X

X

A detailed discussion of the nonlinear
programming (optimization) algorithms, or
their computer code implementations (OPT8
and BIAS 9 ), which were employed in this
study, will not be given here. In essence,
these generalized procedures interact with
computer subroutine representations of the
subsystem performance and cost models, and
the constraint definitions, in order to
find that combination of design variables
which minimizes the objective function and
satisfies all the design constraints.
During the course of the search for the
optimum, many (e.g., hundreds) of trial
designs are considered. The computer codes
used work only on the continuous design
variables. Discrete variables (those restricted to only a few allowed values, such
as pipe diameters) must be examined "manually" by repeated application of the computer code. In the present formulation,
the number of wells is approximated as a
continuous variable, because it is typically
a large number (e.g., a few hundred). The
present CAES design optimization procedure
results in the specification of the following independent variables: air bubble size,
number of wells, well depth, wellbore diameter, well spacing, compression (charging)
time duration for each day, compression
ratio of the low-pressure (L.P.) compressor
and main piping diameter. Much additional
information can subsequently be derived
from these results (e.g., booster compressor pressure ratio, land area to be purchased, etc.).
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Inactive bubble and In greater cost per
well.
(2) Well Penetration. Greater penetration
of wells into the bubble reduces the number
of wells, but increases the cost per well.
(3) Well Spaaing. Closely spaced wells
have less pressure drop (compression cost)
but also less storage volume associated
with each well.
(4) Bubble Thickness. Greater thickness
permits deeper wells (fewer needed) but requires more surrounding land (projected
area of bubble).
(5) Compression Time. Use of all the
charging time available minimizes the capital cost of the compressor train (lower
flow rate). Use of reduced time (higher
flow rate) can alter the shape of the reservoir mass storage cycle, reducing the
maximum pressure swing. This could reduce
the number of wells needed to meet the turbine inlet pressure requirements.
EXAMPLE APPLICATIONS
The CAES subsystem 1 design optimization procedure described in the preceding
sections has been successfully implemented.
Results of applying it are presented in
this section for illustration purposes, to
examine the potential economic impacts that
can be achieved with aquifer reservoir subsystem optimization, and to examine the
effects of certain cost parameters.
Originally, it was planned to apply
the new procedure to the design of a 600
MW plant at Brookville, Illinois, so that
the optimized design could be compared with
the G.E. design.6 In preparing to do this,
however, it was noted that the G.E. design
appears to violate the spill point constraint for the Brookville aquifer site.
That is, the storage volume encompassed
by the G.E. Bvookville reservoir design
exceeds that available above the spill
point, as determined from contour maps of
the aq1. ifer layer. In the Brookville
study, the actual site-specific properties
(porosity, permeability, average aquifer
thickness) were used, but the reservoir
was approximated as a constant thickness
circular disc without water-related constraints. Application of the procedure
developed in the present study, which attemps to account for geometrical limitations more correctly, led to a design with
about 700 wells; 308 wells were recommended
in the G.E. report6 using the less restrictive aquifer geometry assumption.
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The major testing of the capabilities
of the design optimization procedure has
been for the example of a hypothetical 600
MW CAES plant using the Media, Illinois,
Galesville aquifer as the reservoir. Contour maps and "material properties" for
this aquifer were taken from Ref. 4. The
geometrical information on storage volume
and projected bubble area as a function of
bubble thickness, based on the contour maps,
is tabulated in Ref. 3. Other pertinent
parameter values used in the study are
given in Table 2.
Table 2.

Galesville Study Parameters

Aquifer Discovery
Pressure

840 psla

Effective Porosity

14.3%

Closure (top structure to spill point)

110 ft

Average Horizontal
Sand Permeability

448 md

Average Vertical
Sand Permeability

354 md

Specific Flow Rate

10.4 lbm/kWh

Turbine System
Inlet Pressure

750 psla

Utility Cycle:
Power Generation
Power Generation
Tine
Max. Compression
Power
Max. Compression
Time
Storage Temperature

600 MM
5 days, 10 hrs/day
590 MW
6 days, 10 hrs/day
(excludes Friday)
150^

Base Plant Electricity Cost

15 mllls/kWh

Land Cost

$1200/acre

Other Cost and Subsystem Parameters

see Ref. 3

As a starting point, a feasible (but
nonoptimal) design for the Galesville plant
was developed intuitively, although this is
not essential for the implementation of the
optimization procedure using the OPT 8 or
BIAS 9 algorithms. Table 3 compares the
initial intuitive design with two optimized
designs. The first one of these is the result of the formulation described in previous sections. The second design was obtained by employing a further simplification
in which the charging time variables were
held constant. In all these cases, the
discrete design variables were held fixed
at the values: main pipeline diameter
(48 in.), wellbore diameter (7 in.), L.P.
compressor pressure ratio (11:1).

Table 3.

Sample Galesville Study Results
Optimized
Fixed
Initial Optlalzed
Storage
Design Tlae Design
Design

Aquifer Reservoir
Specifications
Surface area to be
bought (acres)
Active well-field
area (acres)
Air bubble thickness (ft)
Hell depth (ft)
Well spacing (ft)
Kuaber of wells
Systea Pressures. Flow
Rates and Powers
Minimum available turbine
systea inlet pressure (pal)
Total storage process
tlae (hrs)
Air flow rate during
storage processes (lbB/sec)
Compressor power required
(MW)
Coapreaaor discharge
pressure (pal)
System Coats
Land cost ($, millions)

5895

2777

2944

2755
105.0
1385
467

2038

2944

79.9
1369
S30

81.7
1380
533

700

402

575

775.5

750.0

750.0

59.4

51.4

60.0

1459

1686

1444

385

449

384

850.3

879.3

874.6

S. 843

4.165

4.417

6.818
Hell construction cost
($. millions)
73.379
Lou pressure compressor
4.642
cost
($, millions)
Booster compressor cost
($, millions)
4.455
TOTAL CAPITAL COST
($, millions)
101.59
REDUCTION IN CAPITAL COST (%)
3ASE LOAD ELECTRICITY COST
(mllls/kUh)
11.45
TOTAL SUBSYSTEM OPERATING
COST
(aills/kWh)
24.25
REDUCTION IN OPERATING
COST
(*)

2.580

2.779

41.915

60.190

4.996

4.619

4.897

4.511

Bubble development coat
($, million*)

62.00
39.0

79.97
21.3

11.54

11.53

19.36

21.60

20.2

10.9

The oprimization also underlines the
compromise necessary between compression
power requirements and capital costs of the
reservoir system. Higher compressor power
and cost are tradeoffs for lower land, bubble development, and well construction costs.
In the first optimum design, the weekly reservoir pressure variation is reduced by an
even distribution of air storage over the
entire cycle. This is accomplished by reducing the weekend storage process durations. On the other hand, the simplified
optimization, with fixed storage times,
uses a larger active reservoir volume and
reduced reservoir formation pressure drop
(larger number of wells) to decrease the
cyclic pressure fluctuation. A noteworthy
feature of the optimum design is partial
utilization of the air bubble. This is
caused by the high cost of constructing
additional wells in the outer region of
the bubble, where they yield only minimal
benefit due to the tapering of the aquifer
formation.
The most important results are the reductions achieved in the subsystem 1 costs.
The optimization procedure described herein
yielded a 39% lower capital cost and 20%
smaller operating cost, compared to the
initial design! Restricting the storage
processes to fixed values caused these improvements to be only half as much. Although substantial design improvements have
been made, further cost reductions are expected as the optimization algorithms are
fine tuned and the models improved.

There are many interesting observations to be made from the results in Table
3. Both of the optimum designs reduce the
number of wells, average well depth and
bubble size, indicating that the starting
point was a case of overdesign. This conclusion can also be drawn from a comparison of available turbine system inlet pressures in the three designs. Thus, a carefully formulated constrained optimization
problem has allowed a reduction in "safety
factors" required in an intuitive design
process.

412

Further optimization runs for the
Galesville problem have been made, using
different starting point designs, to determine whether the "global" optimum has been
found. The best of these solutions has an
operating cost of only 17.8 mills/kWh, a
reduction of 8% from the optimum value given
in Table 3. This design has only 252 wells,
an active area of 1294 acres, a bubble
thickness of 91.6 ft., and a 53 hr. charging
time. Interestingly, the fixed charging
time (60 hr.) version of this solution is
very similar in design and cost.
When a CAES plant using the Media
Galesville aquifer was investigated by Katz
and Lady,1* they concluded "... use of 100
input/output wells seem reasonable for full
development (600 M W ) . " This number, not
based on detailed optimization, is considerably less than found in the present study
(252). The discrepency may be partially
due to the imposition of the diffusion time-

related constraint on well spacing in the
optimization procedure. Whether that constraint is conservative or the assumptions
of the previous investigators overestimates
the reservoir flow capability under CAES
cycling conditions remains to be determined.
Examination of the various Galesville
optimization runs, and those done for the
Brookville site, shows that the optimum
wells penetrate nearly to the bottom of the
bubble, often being limited by the coning
constraint. Increasing the coning distance
parameter from 1 ft to 5 ft increases the
operating cost by about 1 mill/kWh, indicating that the coning problem should be
studied further.
For the Galesville problem, the effect
of wellbore and main pipeline diameters on
optimum design operating cost are shown in
Figs. 5 and 6, respectively. The main pipe
size has little effect.

costs were varied, thus explaining the
linear relationships in the figures. Although this observation may not be of general validity, it would be comforting to
know that a CAES design would remain optimum if the cost of base-plant electricity
were to increase in the future!
19.00

18.75-

18.50-

21.0
18.25'
Mill PIPE DIMETER (IK.)
Fig. 6.

Effect of Main Pipe Diameter
in Galesville Problem

21.0'

2.0

Fig. 5.

4.0

6.0
8.0
10.0 12.0
HEIUORE DIAMETER (IN.)

Effect of Wellbore Diameter in
Galesville Problem

The effect of certain cost parameters
o n the optimum Galesville subsystem 1 operating cost h a s also been investigated (see
F i g s . 7 - 9 ) . It w a s found that the optimum
design variables did not change a s these
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Fig. 7 . Effect of Well-Drilling C o s t Galesville.

CONCLUDING REMARKS
The design procedure described in
this paper appears to be the most complete
method available for designing aquifer
reservoir-based CAES plants. Limited comparisons with published results using more
simplified methods of analysis suggests a
possible inadequacy in those methods. Further work is recommended to resolve these
issues.
The design optimization procedure is
general in its structure, but its current
computer implementation is somewhat restricted (e.g., bottom-water reservoirs,
equal compression power for each charge
process, etc.). It is also based on a
somewhat idealized aquifer model and on
particular judgements on important constraints. However, extensions and refinements can be readily incorporated as required.
6

5000

10000

15000

20000

Utilization of the design optimization
procedure can be valuable, when carefully
applied. It can:

25000

LAND COST (S/ACRE)

Fig. 8.

Effect of Land Cost - Galesville

-

result in actual capital and operating
cost savings in plant design,

-

give insight into the economic tradeoffs among design variables, and

-

assess the influence of uncertainties
in cost data.

Furthermore, if combined with a similar
optimization model for the turbine system,
a complete CAES plant design optimization
could be performed.
Some additional information on the
work presented is available in Refs. 2 and
3. A final report is in preparation which
will provide full documentation, including
listings of the computer subroutines embodying the optimization-oriented CAES model.
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EVALUATION OF TL1RBOMACHINERY FOR COMPRESSED AIR
ENERGY STORAGE PLANTS

George T. Kartsounes and Choong S. Kim
Energy and Environmental Systems Division
Argonne National Laboratory
9700 South Cass Avenue
Argonne, Illinois 60439

ABSTRACT
This paper presents a study of possible turbomachinery options for compressed air
energy storage plants. The plant is divided into four subsystems: a turbine system,
compressor system, motor/generator, and an underground air storage reservoir. The turbine system comprises a high-pressure turbine and combustor, a low-pressure turbine and
combustor, and a recuperator. The compressor system comprises a low-pressure compressor,
booster compressor, intercoolers, and an aftercooler. A water-compensated mined cavern
constitutes the underground air-storage reservoir. Plant performance is presented in
terms of five parameters: specific air flow rate, specific heat rate, specific storage
volume, specific compression rate, and overall plant efficiency. The capital and operating costs of the plant as a function of the turbomachinery options are presented. Design variables of the turbomachinery are the reservoir pressure and inlet gas temperatures to the turbines.

INTRODUCTION
Compressed air energy storage is a
near-term technology for the load leveling
and peak shaving strategies being considered by electric utilities. Assessments
of the technical and economic feasibility
of this storage system indicate that it is
economically competitive with conventional
gas-turbine peaker units. The CAES concept
is based on a split Brayton cycle with an
accompanying underground air storage reservoir. During periods of off-peak power
demand, air is compressed with base-plant
power and stored in the underground reservoir. For power generation, the air is
discharged through a combustion turbine
during the peak demand period.
Because the storage reservoir is usually the most costly single component in a
CAES plant, its volume is a sensitive design parameter. The volume required is
affected by storage pressure and temperature, power level, generation time, reservoir type, air quantity required by the
turbine system, and pressure ranges permitted by the turbomachinery (turbines and
compressors). Compressed air can be stored
underground in caverns or in the pore space
of porous rock formations.

417

The components of the subsystems of a
CAES plant are delineated here for precision of reference in this paper. The turbine system consists of a low-pressure gas
turbine (LGT) and combustor, a high-pressure gas turbine (HGT) and combustor, and
a recuperator (see Fig. 1 ) . The LGT is a
turbine modified from a conventional gasturbine peaker unit. For proposed CAES
plants, the HGT is a modified steam turbine
operating at gas temperatures of about
1000°F. Optimized designs for compressedair turbines that operate at high temperatures have been investigated.1 The combustors can be designs modified from conventional gas-turbine peaker units. Preliminary studies indicate that recuperators
can be designed that are economically feasible for CAES application. These differ
from conventional gas-turbine peaker units
because of the high-pressure air leaving
the reservoir.
The compressor system contains a lowpressure (LC), high-pressure (HC), and
booster compressor (BC), intercoolers, and
an aftercooler (see Fig. 1 ) . Intercooling
is required to operate the compressors
within limits tolerable for standard

COOLING AIR

T

T

MOTOR/
GENERATOR

TT
GENERATOR

RECUPERATOR

CAVERN (Po.To)
Fig. 1.

Schematic Diagram of CAES Plant

materials. An aftercooler is used to cool
the air to avoid possible thermal-stress
damage to the storage reservoir.
The performance of a CAES plant can
be characterized in terms of four specific
parameters and an overall plant efficiency:
•

Specific air flow is the mass flow
rate of air supplied to the turbine
system per kilowatt power generated.
It is the major factor in determining
the size of the turbines, compressors,
and air-storage reservoir.

•

Specific heat rate is directly proportional to fuel consumption and is
equal to the product of specific fuel
consumption and the lower heating
value of fuel. It therefore affects
the operating cost of the turbines.

•

Specific storage volume, the volume
of reservoir required per kilowatt of
power generated, is dependent on the
specific air flow rate and the temperature of stored air.

•

Specific compression rate is the energy equivalent of the power supplied to
the compressors per kilowatt of power
generated. This parameter is the
amount of off-peak energy required to
operate the compressors.

•

Overall plant efficiency is equal to
the total energy output from the turbines divided by the sum of the energy input from the fuel and off-peak
energy to the compressor system.

The cost of a CAES plant can be characterized in terms of capital cost and
operating cost. Capital cost includes the
direct cost of the air storage facility,
the turbomachinery, the balance of plant,
and the indirect cost due to a contingency
allowance, engineering and administration,
and escalation and interest during construction. The operating cost of the plant
includes the capital- charge, cost of fuel
to the combustors, off-peak electricity to
the compressors, and operation and maintenance costs.
This paper presents a study of possible turbomachinery options for CAES
plants with particular emphasis on the turbine system. The performance and cost of
the complete plant resulting from different turbomachinery options are presented.
The turbine system design parameters considered are the reservoir storage pressure
and the inlet gas temperatures to the LGT
and HGT. The LGT was based on a nominal
pressure ratio of 16:1.* A water-compensated mined cavern was chosen as the compressed air storage reservoir.

Studies have indicated that pressure ratio has a minor effect on performance and
conventional low-pressure turbines (from
peaker units) having a nominal pressure
ratio of 10-16:1 can be used. 2 ' 3

PERFORMANCE EVALUATION

following parameters were assumed to be
known or specified.

THERMODYNAMIC ANALYSIS
Adiabatic efficiency of compressors:
A thermodyanmic analysis was carried
out on each subsystem of a CAES plant, and
the results were combined to evaluate overall plant performance. Design parameters
considered in the analysis include: air
storage pressure and inlet gas temperatures
to the high-pressure gas turbine and lowpressure gas turbine. The details of the
analysis are presented in Ref. 4.

^HC " \C

m n

BC

=

°-90;

Temperatures: T . = 77°F, T... = T,_ = T._
= 100°F, T l g » 120°F; and
Pressures: p... = 1 atm, p., = 16 atm.
PERFORMANCE RESULTS

Underground Air Storage System. The underground air storage reservoir considered is
a water-compensated cavern. Therefore, the
pressure variation in the cavern during the
operating cycle is negligible. The air
temperature of the storage cavern (To) was
assumed as 120°F (322°K) and four different
air storage pressures (p 0 ) were considered
in the analysis: 30, 50, 70, and 100 atm
(3 x 10 6 , 5 x 10 6 , 7 x 10 6 , and 1 x 10 7 Pa) .
Turbine System. The selection of the turbine system (see Fig. 1) evolved from the
results of a previous study.2 The following values of system parameters were considered:
Turbine efficiencies: nLGT

= n H G T = 0.90,

Recuperator effectiveness: e = 0.8
Temperatures: T, = 1000°,1600°,2000°,2400°F
(811°,1144°,1366°,1589°K)
T
3

Pressures:

= 1600°,2000°,2400°F
(1144°,1366°,1589°K),
16 atm (1.6 x 10 6 P a ) .

Subscripts given in the above parameters
correspond to the components or stations
in Fig. 1. The efficiencies of turbines
and combustors are based on state-of-theart values of available equipment.1 Recuperator effectiveness is a function of the
heat exchanger specifications. Because the
temperature of the inlet gas to the turbines must be kept low enough to avoid
thermal damage of the turbine blades and
vanes, cooling air is required for higher
inlet gas temperatures. The amount of
cooling air required was determined from
data presented in Ref. 1.
Compressor System. The study was extended
to the compressor system in order to complete the analysis of the CAES plant. The

Results of the parametric study are
presented in terms of the five performance
parameters: specific air flow rate, specific storage volume, specific heat rate,
specific compression rate, and overall
plant efficiency. These values are given
as a function of air storage pressure and
inlet gas temperatures to the HGT and LGT.
Specific air flow rate is the flow
rate of air coming out of the cavern per
unit output of the turbine system. It is
directly proportional to the turbine and
compressor sizes, and, thus, is an important factor in determining the cost of the
above-ground facility. A plot of specific
air flow rate against air storage pressure
at different turbine inlet gas temperatures
(Fig. 2) shows that the air flow rate
varies from 6.6-12.0 lb/kWh (3.0-5.4 kg/
kWh) for the conditions specified in this
study, and it decreases as air storage
pressure'increases• In addition, higher
turbine inlet gas temperatures result in
smaller air flow rate, even though cooling
air is required.
Specific storage volume, the required
storage cavern volume per unit work output,
is directly related to the cost of the underground facility for a CAES plant. This
storage volume depends on the required
specific air flow rate as well as on cavern conditions, such as pressure and temperature of stored air. Consequently, results for the specific storage volume show
a trend similar to that for the specific
air flow. Figure 3 shows the effects of
air storage pressure and turbine inlet gas
temperatures on the storage volume. It is
seen that smaller storage volume results
from higher air storage pressure or higher
turbine inlet gas temperatures. Specific
storage volume in this study varies from
0.96 ft3/kWh (0.027 m 3 /kWh) to 5.84 ft 3 /
kWh (0.162 m V k U h ) .

3,700
30
30

40

50

60

70

80

90

100

40

50

60

70

80

90

100

STORAGE PRESSURE, Po (aim or 105 Pa)

STORAGE PRESSURE, Po (aim or l()5 Pol

Fig. 4.
Fig. 2.

Effect of Storage Pressure
on Specific Air Flow Rate

Effect of Storage Pressure
on Specific Heat Rate
T5 CK)
1200

*

6.c

r
v/

£

0.150

"3H

TjsTjtaooo'FdJss'K)
Yvk/
TjtT5«2400'F(IJ89*K)

1400

1500
4.4

4,100

0.125

4.0
3.0

u
STOR

/V V«00#F(ll44»K)

1300

I
I
I
I
HGT INLET TEMPEMTURE, Tj=

T3=IO0O*F(8ll«K)iT5c|600*(ll44«K)

5.0 7\/

3

§

4,200

0.175

\v\ /
_V\NS.

_

2.0
1.0

oioo

_•

0.075

£
4.0

0.050

—

3.9

^-^^s 0.025
1600

0

30

1
40

1
50

1
SO

1
70

1
80

1
90

-

1800

2000

2200

2400

0
100

LGT INLET TEMPERATURE, T 5 C F )

5

STORAGE PRESSURE, Po (aim or I 0 Po)

Fig. 5.
Fig. 3.

Effect of Storage Pressure
on Specific Storage Volume

Specific heat rate is a measure of
premium-fuel usage for the combustors per
unit power output of the system. It varies
in this study from 3700 Btu/kWh (3.98 x 10 6
J/kWh) to 4280 Btu/kWh (4.52 x 10 6 J/kWh).
The effect of storage pressure on the heat
rate is given at different turbine inlet
gas temperatures in Fig. 4: higher storage pressure results in lower heat rate.
Figure 5 shows that heat rate increases as
the LGT inlet gas temperature increases
and that the HGT inlet gas temperature has
a minor effect on the heat rate.

420

Effect of Turbine Inlet Temperatures on Specific Heat Rate

Specific compression rate is .the fuel
equivalent of the off-peak electrical energy input to the compressor system per unit
power output of turbine system. In this
study, specific compression rate is based
on an off-peak heat rate, including electrical and mechanical losses, of 10,400
Btu/kWh (1.097 x 1 0 7 J/kWh). For the conditions of this study, the rate varies from
5280 Btu/kWh (5.57 x 1 0 6 J/kWh) to 7790
Btu/kWh (8.22 x 1 0 6 J/kWh). Figure 6 shows
that, in general, compression rate increases
slowly with increasing storage pressure and
smaller compression rate is required by
higher turbine inlet gas temperatures.
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a reasonable basis for the economic analysis, the following operating cycle was
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The overall plant efficiency, the ratio of turbine power output to the sum of
the power input to the compressors and the
power equivalent of fuel energy, varies
from 0.538-0.581 for the conditions specified in this study. The effects on the
overall plant efficiency are given in Figs.
7 and 8.
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Figure 7 shows the effects of storage
pressures on plant efficiency: (a) for T3
- T 5 - 2400°F (1589°K) or T3 - T5 - 2000°F
(1366°K), plant efficiency increases with
the storage pressure; (b) for T3 * T5 »
1600cF (1144°K), plant efficiency increases
up to 70 atm (7 x 10 6 Pa) and then decreases
as the storage pressure further increases;
and (c) for T 3 - 1000°F (811°K), T 5 - 1600°F
(1144°K), plant efficiency decreases monotonically with storage pressure.
The effects of turbine inlet gas temperatures on plant efficiency are given in
Fig. 8. It shows that higher plant efficiency is obtainable with higher HGT inlet
gas temperature. It also shows that efficiency increases with the LGT inlet gas temperature for T 3 - 2000°F (1366°K) or 2400°F
(1589°K), and it has a minimum at about T5
- 2000°F (1366°K) for T3 - 1000°F (811°K)
or 1600°F (1144°K).
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An economic analysis of the CAES plant
was made to show the effects of the paraFig. 8.
meters on capital and operating costs. The
analysis was based on the performance results described above. In order to pro"*''"
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Effect of Turbine Inlet Temperatures on Overall Plant Efficiency

CAPITAL COSTS

OPERATING COSTS

Direct capital cost of the CAES plant
was divided into the following: cost of
underground air storage cavern and watercompensating reservoir, cost of turbomachinery equipment, and balance of the plant.

Operating cost of the CAES plant consists mainly of capital charge, cost of
fuel to the combustors, off-peak electricity to the compressors, and operation and
maintenance. Annual capital charge was
estimated from the total capital cost based
on the fixed capital charge rate of 18% per
year. Estimation of the cost of premium
fuel was made by multiplying the specific
heat rate by the cost of No. 6 oil. Cost
of tne off-peak electricity to the compressors was estimated from the specific compression rate and the electricity cost
from the base plant. A value of 2 mills/
kWh was used as the cost of operating and
maintenance for all cases.

The storage cavern cost included the
cost of the air and water shafts, cavity,
development and mobilization, and completion. The cost of the air and water shafts
was estimated based on the cavern depth
which was determined by the air storage
pressure. The cost of the cavity was estimated based on specific storage volume with
a 10% capacity margin. Since the storage
cavern considered in the analysis is watercompensated, the cost of the water reservoir was also included. The storage-related, costs were based on Ref. 5.
Estimation of the turbomachinery cost
was based on Ref. 1. In this reference,
the selling price is estimated for 10, 20,
and 50 units. Based on the evaluation of
regional markets and development potential
for CAES conducted by Harza Engineering
Company,6 a 50-unit selling price was used
in this study. The cost of the low-pressure gas turbine with a cycle-pressure ratio of 16:1 was determined by the inlet gas
temperature and the cost of the high-pressure gas turbine was determined by both the
inlet gas temperature and air storage pressure. Costs of the LC and HC with the
overall compression ratio of 1:16 were estimated from the air flow rate, and the
cost of BC was determined by the air flow
rate and air storage pressure. A 25% allowance was given for the ducting and installation of the turbomachinery equipment.
The remainder of the plant equipment,
which includes the clutches, motor/generator, recuperator, combustors, fuel storage,
coolers, electrical power system, land, and
plant structure was denoted as the balance
of plant. This equipment is relatively insensitive to CAES design parameters and a
fixed cost of $80/kW was used for the balance of plant for all cases of this study.
Total capital cost of the plant was
estimated from the direct capital cost considering the following allowances: 15% for
contingency, 10% for engineering and administration, and 30% for escalation and interest during the construction period.
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ECONOMIC RESULTS
Results of the economic study are
given in terms of the two specific costs:
capital cost ($/kW) and operating cost
(mills/kWh). The values are presented as
a function of the storage pressure (p o )
and the turbine inlet temperatures (T3
and T5).
Capital Costs. Capital cost of a CAES
plant varied from $285/kW to $406/kW for
the range of design parameters specified
in the study. The cost of the underground
storage cavern was found to be the highest
component cost for most cases varying from
26-46% of the total capital cost and the
cost of the turbomachinery equipment varied
from 16-31% of the total direct capital
cost. In general, it was found that higher
turbine inlet temperatures result in higher
turbomachinery cost.
Total capital cost is given in Fig. 9
as a function of storage pressure for four
different combinations of inlet gas temperatures to the HGT and LGT. Capital
cost sharply decreases with increasing
storage pressure for all the cases up to
70 atm (7 x 10 6 Pa) and either slowly decreases or increases thereafter. Higher
turbine inlet temperatures result in lower
capital cost at low storage pressures, for
example 30 atm (3 x 10 6 P a ) . However, at
storage pressures greater than 70 atm
(7 x 10 6 P a ) , higher turbine inlet temperatures result in higher capital cost.
Among the cases considered in the study,
the design parameters that result in the
lowest capital cost are those when T3 = T 5
= 1600°F (1144°K) and p n = 100 atm (1 x
10 7 Pa).

400

operating cost. Consequently, the operating cost in Fig. 10 shows a similar trend
to that of the capital cost. The figure
shows that the operating cost decreases
with increasing air storage pressure for all
cases but T 3 - T 5 - 2400°F (1589°K), which
has a minimum at about 70 atm (7 x 1 0 6 ) .
It also shows that, among the cases studied,
the lowest operating cost results when To »
T 5 • 1600°F (1144°K) for p o > 58 atm (5.8 x
10 6 Pa) and T3 • T 5 - 2400°F (1580°K) for
p 0 < 58 atm (5.8 x 10 6 F a ) . However, in the
pressure range of 50-90 atm, which is the
most likely range for CAES with a water-compensated reservoir, the difference in operating cost between different turbine systems
Is less than about 3 mills/kWh.
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Effect of Turbine Options
on Capital Cost

The dotted curve in Fig. 9 represents
the cost of a plant using a modified steam
turbine ( % J T " 78Z) for the HGT, which
operates at I000°F (811°K) inlet gas temperature. The solid curve for T 3 * 1000°F
(811°F) and T 5 - 1600°F (1144°K) is based
on the assumption that the cost of this
new, high-efficiency HGT (nngj " 90Z)
would be the same as that of the modified
steam turbine. The actual cost of this
new turbine would depend upon the development cost and the number of units sold.
Thus, the actual high-efficiency cost
curve should be somewhere between the
solid and dotted curves. The net result
is that the cost differences would be negligible, therefore favoring the use of the
modified steam turbine because of proven
reliability and equipment availability.
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Operating Costs. The operating cost of the
CAES plant is given in Fig. 10 as a funtion of the design parameters. The cost
of premium fuel was selected as $2.50/106
Btu and the electricity cost was 15 mills/
kWh. In this figure the operating cost
varies from 44.8-55.5 mills/kWh.
The capital charge was found to be
much higher than the cost of fuel or electricity; it amounts to 52-60% of the total
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Effect of Turbine Options
on Operating Cost

Figure 10 also illustrates that for
T3 = 1000°F (811°K) and T5 = 1600°F (1144°K)
the difference in operating cost between a
modified steam turbine for the HGT and a
new, high-efficiency design is negligible;
i.e., less than 1 roill/kWh. Thus, the use
of a modified steam turbine would be favored because of proven reliability and
equipment availability.
Effect of Electricity and Fuel Costs on
Operating Costs. Table 1 illustrates the
effect of different electricity and premium fuel costs on the overall operating
cost of a CAES plant. Two plant designs
are compared: Plant A where T3 = 1000°F

Table 1. Effect of Electricity and Fuel Costs on Operating Costs
Operating Cost (mills/kWh)
Electricity
Cost (mills/kWh)

($/106 Btu)

Plant A a

Plant B b

X Decrease0

15
15
15
20
20
20
25
25
25

2.50
3.75
5.00
2.50
3.75
5.00
2.50
3.75
5.00

47.4
52.2
56.9
51.1
55.8
60.0
54.7
59.5
64.2

45.3
50.0
54.7
48.5
53.3
58.0
51.8
56.6
61.3

4.4
4.2

17tta1

fV^afr

3.9
5.1
4.5
4.3
5.3
4.9
4.5

turbine inlet temperatures: T 3 - 1000°F (811°K> (rw,_ - 78X)
T 5 - 1600°F (1144°K). W 1
Turbine inlet temperatures: T 3 - T 5 - 1600°F (1144°K),
C
100(Plant A - Plant B)/Plant A.
(811°K) (TTHQJ) - 78%) and T 5 - 1600°F
(1144°K), and Plant B where T 3 - T 5 1600°F. These two plants bracket the
highest and lowest estimated operating
costs.

other two reservoir types (i.e., aquifer
reservoirs and salt caverns), but further
study is recommended to fully evaluate the
affect of reservoir type on CAES plant performance and cost.

From this table it is seen that for
fixed electricity cost, the difference between plant designs decreases as the fuel
cost increases. This means that if fuel
costs increase faster than electricity
costs, then the type of plant design (i.e.,
the selection of turbine system) becomes
less significant. This scenario would
favor using Plant A because of proven
reliability and equipment availability.

From the performance analysis, the
following trends were observed:

For fixed fuel cost, the difference
between the operating costs of the two designs increases as the electricity cost increases. This means that if base plant
power increases in cost at a faster rate
than fuel costs, then Plant B would be
favored. In this case, the use of a new,
high-efficiency HGT would be justified.
CONCLUSIONS
This paper has considered the performance and cost of possible turbomachinery
options for CAES power plants. Particular
emphasis was directed toward the turbine
system of the plant. The main design variables were the reservoir storage pressure
and the turbine inlet gas temperatures. A
water-compensated mined cavern was selected
as the storage reservoir. The results of
this study should be applicable to the
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1.

Specific air flow rate and storage
volume decrease as p Q , T,, or Tj
increases.
Specific heat rate decreases as p o
increases and increases as Tj increases; but is relatively insensitive to T,.
Specific compression rate, in general,
slightly increases as p o increases;
it decreases with increasing T 3 or T 5 .

4.

In general, overall plant efficiency
increases as T 3 increases; is only
weakly affected by p or T-.

From the above, it can be concluded that
optimum performance results from the use
of a high storage pressure and high inlet
gas temperature to both turbines.
The economic analysis, however, illustrates that minimum cost (capital and
operating) does not necessarily correspond
to optimum plant performance. Considering
the specific operating cost (i.e., mills/
kWh), which can be considered the true
indicator of plant cost, at storage pres-

aures below about 60 atm, the highest temperature turbine system considered in this
study (i.e., T 3 = T 5 = 2400°F (1589°K)) results in the lowest cost; whereas, above
60 atm, the turbine system with 1 3 = 1 5 =
1600°F (1144°K) results in the lowest cost.

V'
s

Specific storage volume

e

Recuperator effectiveness

A significant result is that for the
pressure range of 50-90 atm, which is the
range of present interest for water-compensated caverns, the operating costs for
all of the turbine systems considered in
this study are within about 3 mills/kWh of
each other; the average cost is about 47
mills/kWh. Furthermore, it was observed
that if the cost of premium fuel increases
as a faster rate than the cost of base
power electricity, which seems to be a
logical scenario for the future, the cost
difference between turbine systems decreases .

Subscripts

Efficiency

n

Overall plant efficiency

overall

BC

Booster compressor

C

l

Combustor 1

C

2

HGT
LGT
HC
LC
0-19

Combustpr 2
High-pressure gas turbine
Low-pressure gas turbine
High-pressure compressor
Low-pressure compressor
Correspond to Fig. 1
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EVALUATION OF THE USE OF RECIPROCATING
ENGINES IN COMPRESSED AIR ENERGY STORAGE PLANTS

George T. Kartsounes and James G. Daley
Energy and Environmental Systems Division
Argonne National Laboratory
9700 South Cass Avenue
Argonne, Illinois 60439

ABSTRACT
The application of reciprocating engines to compressed air energy storage (CAES)
plants is presentee! in this paper. The expected advantages compared to plants using turbines and compressors are reduced reservoir size and cost, reduced compression energy,
and increased overall plant efficiency. The performance of possible engine and plant configurations are presented. One configuration uses a reversible, reciprocating expander/
compressor engine. Power generation results from engine operation as an internal-combustion expander; compression is accomplished using the same engine operating as a reciprocating compressor. Another possible configuration results when an internal-combustion
engine is used as a high-pressure expander and a gas turbine is used as a low-pressure
expander. Compression is accomplished using either separate turbocompressors or operating the high-pressure expander as a reversible-reciprocating compressor in series with
" low-pressure turbocompressor. Capital and operating costs of plants using reciprocating engines are estimated and compared with that of turbine-based CAES plant designs.
It is shown that using reciprocating engines can reduce capital and operating costs by
about 11% and 8£, respectively, compared to a plant using available turbomachinery.
INTRODUCTION
Electric utilities commonly use diesel/generator sets or gas turbine/compressor units for peak power generation. The
use of a gas turbine offers advantages in
higher power ranges due to its comparatively smaller size and lower maintenance
requirements; however, many applications
favor the better part-load efficiency of
a diesel engine.
Another feature of diesel engine operation that has significance for CAES systems is a greatly reduced air flow requirement compared to gas turbines. This reduced need for air is related to the maximum combustion-gas temperature. In either
a gas turbine system or diesel engine, the
power output equals the product of the flow
rate of combustion products and the change
in specific enthalpy across the engine.
This enthalpy change is approximately proportional to the maximum absolute temperature. In a gas turbine, the. maximum gas
temperature is about 1350"K due to material limitations, although considerable
research is in progress to eventually permit temperatures as high as 1900°K. A
diesel engine can have an instantaneous
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combustion temperature approaching 3000°K.
Thus, although the power output of a diesel engine and gas turbine/compressor may
be equivalent, the higher combustion temperature of the diesel causes a larger
enthalpy change, hence a lower required
air flow. This reduction in air flow rate
would benefit a CAES plant through reduced
reservoir size and reduced electrical
energy needed for air compression.
A conventional diesel engine cannot
be used directly in a CAES plant because
it would not be possible to utilize the
high-pressure reservoir air. However, a
reciprocating engine similar to a diesel
which decouples the compression process
from expansion can be used. Power generation results from engine operation as an
internal-combrstion expander and compression is accomplished using the same engine
operating as a reciprocating compressor.
A basic description of the operating
characteristics and design features of the
reciprocating expander/compressor engine
is described in Ref. 1.

PLANT DESIGN
Two possible plant configurations
using reciprocating engines are addressed
in this paper. One design uses a reversible, two-stage expander/compressor concept and the other uses a compound engine
comprising reciprocating expander/compressor engines for high-pressure duty and a
gas turbine for low-pressure expansion.
PLANT USING REVERSIBLE, EXPANDER/COMPRESSOR ENGINES
A schematic diagram of a CAES plant
using expander/compressor engines is presented in Fig. 1. In this arrangement, a
single high-pressure (HP) engine is connected through a shaft to a single lowpressure (LP) engine. Both engines are
then connected to a reversible motor/generator (M/G). In this practice, the HP
engine and LP engine may each consist of
several separate engines that are manifolded together. M/G units may be connected to each separate engine or a combination of engines.

Cooling water is circulated through
the water jacket of each engine removing
part of the heat of compression. This heat
removal reduces compression energy since
the compression process approaches isothermal compression. Heated water leaving the
engines is then coded in a radiator (e.g.,
cooling tower).
In the expansion (i.e., power generation) mode of operation, valves B, F and H
are closed. The M/G operates as a generator, and the LP and HP engines operate as
expanders. Air from the reservoir is preheated in the recuperator using exhaust gas
from the LP expander. Preheated air and
injected fuel are burned and expanded in
the HP expander. The products of combustion are further expanded in the LP expander and then flow through the recuperator.
The cooling water removes part of the heat
of combustion. This energy loss is necessary to reduce engine metal temperatures
and to improve engine reliability.
Comparing the plant configuration of
Fig. 1 with that of a turbine-based CAES
plant, the HP expander/compressor engine
replaces the expansion turbine and combustor, and the centrifugal booster compressors; the I.P expander/compressor engine replaces the low-pressure turbine and combustor, and the axial compressor. Furthermore,
the intercooler and aftercooler are smaller
than that of a conventional plant because
part of the heat of compression is removed
in the cooling water. However, engine
cooling water requires an additional circulation pump and radiator.
PLANT USING COMPOUND ENGINES

Fig. 1.

Schematic Diagram of a CAES Plant
Using Expander/Compressor Engines

During the compression mode of operation, valves C, D, E and G are closed. The
M/G operates as a motor receiving off-peak
power from a base-load power plant, and the
LP and HP engines operate as reciprocating
compressors. Ambient air is compressed in
the LP compressor and the heat of compression is removed in the intercooler. The
air is further compressed in the HP compressor and then cooled in the aftercooler
before delivery to the storage reservoir.
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The plant configuration previously
considered is based on the use of expander/
compressor engines for both high- and lowpressure functions. However, a compound
engine design which combines expander/compressor engines with conventional turbomachinery offers improvement over either
all-turbine or all-reciprocating engine
designs. This configuration is depicted
in Fig. 2.
In this configuration, the high-pressure turbine and combustor, and booster
compressors of a conventional CAES plant
are replaced with a reversible HP expander/
compressor engine. A low-pressure turbine
and axial compressor are used for the lowpressure duty cycle of the plant. However,
since the exhaust of the HP expander will

be sufficiently high (e.g., 1360°K), a lowpressure combustor will be unnecessary.

Fig. 2.

using an additional heat exchanger between
the air inlet and the combustion gas outlet
of the HP reciprocating engine. This heat
exchanger would lower the temperature of
the gas entering the LP turbine and increase the temperature of the air entering
the HP engine. Because of the large temperature difference between the fluid
streams, the required effectiveness of this
heat exchanger would be low (estimated to
be about 0.4) and hence it would be inexpensive. The main advantage of this plant
design is a reduction in reservoir size
which results because turbine cooling air
can be reduced (or eliminated). In addition, simpler, less-expensive piping would
be required to transport the combustion
gas between the engine and turbine. The
disadvantage would be potential thermal
problems in the engine inlet valve due to
the higher air temperature.
PERFORMANCE EVALUATION

Schematic Diagram of a CAES Plant
Using Compound Equipment

During the compression mode of operation, valves C, D and G are closed, both
M/G units operate as motors receiving power
from a base plant, coupling B is disconnected, and the HP engine operates a compressor. During expansion, valves B, F and E
are closed, both M/G units operate as generators, coupling A is disconnected, and
the HP engine operates as an expander. In
both modes of operation, cooling water circulates through the HP engine.
This plant configuration will have
essentially the same main air flow rate as
that of a plant using reversible HP and LP
engines with some additional turbine
cooling air possibly being required. Thus,
by using compound equipment, the size of
the reservoir can be significantly reduced
leading to significant savings.
However, the possible cost advantage
of reversible equipment cannot be entirely
realized with this configuration. The cost
advantages of completely reversible equipment could be realized using a HP expander/
compressor engine and a reversible LP turbine/compressor. The latter equipment
could be a radial-bladed, centrifugal,
single or multi-stage compressor which can
be reversed to function as a radial turbine.
ALTERNATIVE COMPOUND ENGINE PLANT
A possible alternative to the engine/
turbine system depicted in Fig. 2 involves
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The proposed reciprocating engines
would function only as a single component
of a CAES plant. Therefore, engine performance will be given in the context of overall plant operation as well as in terms of
engine efficiency, temperature, and pressure when operating as a power generator or
compressor. Comparisons will be made of
CAES plants having the proposed engines,
the Huntorf facility,2 which is the world's
first CAES plant, and two other turbinebased designs — one near-term and the
other an advanced design.3
MEASURES OF PERFORMANCE
The following parameters were selected
to measure CAES plant performance:
•

Specific Air Flow Rate - the amount of
reservoir air required per unit of
generated power.

•

Specific Heat Rate - the product of
specific fuel consumption and the
lower heating value of the fuel.

•

Expansion Power/Compression Power

•

Overall Plant Efficiency - plant output per total energy input.

THERMODYNAMIC ANALYSIS
A thermodynamic analysis was conducted
of the plant schematically illustrated in
Fig. I. :
The analysis considered two
types of power generation — constant pressure and pressure-limited combustion.

extensions to the state-of-the-art of gas
turbine technology.

The analysis was extended to consider
plant performance using compound engines.
The performance of the turbines and compressors was based on Ref. 3.
Simplifying assumptions used in the
analysis include:
(1)

thermodynamic equilibrium during combustion,

(2)

reservoir pressure remains constant
at 4.48 MPa (this condition would be
approximated by a water-compensated
reservoir),

(3)

reservoir temperature equal to 322°K,

(4)

negligible pressure losses in piping,

(5)

negligible heat transfer in system
Piping,

(6)

recuperator effectiveness of 0.8,

(7)

fuel being octane (C 8 H 1 6 ) with a
lower heating value of 44.4 MJ
(19,000 Btu/lbm), and
kg

(8)

turbine efficiency of 90%.

DISCUSSION OF PERFORMANCE
The three turbine-based CAES plant
designs selected for performance comparison with the proposed reciprocating engine
concepts are listed in Table 1. The
Huntorf plant is included for the obvious
reason that it is the world's only operational CAES plant. The principal reason
that the performance of the Huntorf plant
is lower than the two other systems is that
presently the plant does not include a recuperator. Addition of a recuperator would
bring all system performance parameters
closer to those of the near-term turbine
system.
The near-term system can be implemented using conventional turbomachinery.
In this system, a modified steam turbine
can be used for the 1000°F HP turbine. The
1600°F LP turbine can be a modified gas
turbine from a peaker unit. This turbine
will not require vane or blade cooling but
will require some auxiliary cooling for the
disk, blade and vane attachments, air seals,
and bearing buffers.
The adva'noed-turbine system will require significant air cooling of the HP
turbine to operate at a gas inlet temperature of 2400°F; the LP turbine will be uncooled. The two turbines for this system
do not exist but represent attainable
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The performance of both reciprocating
engine combustion processes is seen to be
very similar. The chief difference between
the two processes is the higher maximum
operating temperature and pressures during
pressure-limited combustion.
It is seen that the reciprocating
engine concepts have significantly lower
specific air flow rates than the turbinebased designs. This situation is reflected in the favorable values shown for the
ratio of expansion power to compression
power and overall plant efficiency. Several factors enter into the calculated low
specific air flow value for the engine,
with the most important of these being the
air/fuel ratio. Actual air/fuel values will
be dictated by engine operation — that is,
by the need to limit emissions or to lower
temperatures. Other influences on specific
air flow are shown in Figs. 3 and 4. The
important influence of heat loss to cylinder-jacket cooling water is shown in Fig.
4. Cylinder heat transfer in the proposed
engine will be quite different from conventional engines due to the use of pressurized reservoir air. Actual values of heat
transfer will need to be measured experimentally, although improved methods of
analysis can greatly reduce the uncertainty
in the value of this parameter. The influence of reservoir pressure on air flow
is shown in Fig. 3. As can be seen, higher
reservoir pressure leads to reduced flow
rate, although the change will be only
5-7% over the range of expected reservoir
pressures.
The plant heat rate is lower for the
reciprocating engine concepts than the unrecuperated Huntorf design, but higher than
either of the two turbine-based designs.
This higher heat rate is partially caused
by the higher operating temperatures of the
reciprocating engines. The advanced, hightemperature turbine system has a higher
heat rate than the low-temperature system
for the same reason; that is, fuel is required to raise combustion temperatures.
The incentive for using this turbine design is to improve all other performance
parameters. The heat rate is shown to be
strongly influenced by cylinder heat transfer in Fig. 4. High reservoir pressure is
seen to provide lower heat rates in Fig. 3.
This result is due to the additional energy
provided by the high-pressure air.

Table 1.

Huntorf
Plant

CAES Plant Performance Comparisons

Plant Using
Near-Term
Turbine System
(1000,1600°F) a

4.48 C
(650)

4.48
(650)

Specific Air Flow Rate, kg/MJ
1.46
(lbn/kWh) (11.59)
Specific Heat Rate, J / J
1.61
(Btu/kWh) (5500)

1.42
(11.2)

Reservoir Pressure, MPa
(psla)

Expansion Power/Compression
Overall Efficiency, Z

P

°"er

Turbine System
I[1500,2400°F)a

4.48
(650)
1.32
(10.4)
1.35
(4600)
1.65

1.12
(3808)

1.24
41.5

Plant Using
Advanced

1.38

51

54.2

Engine Characteristics:
Max., temp., K

I n l e t temperature to HP and LP
turbine, respectively.

(°F)

2000°F i n l e t gas temperature.

Max., pressure, MPa

I n l e t pressure to HP turbine.

(psia)
Air/fuel ratio

0.74 -

CONSTANT-PRESSURE COMBUSTION
A/F«20
HEAT L0SS-25M.HV

0.72
1.60

Plant Using
PressureLimited
Combustion
Engines

Compound
Engines
HP Engine
LP Turblneb

4.48
(650)
.656
(5.21)
1.46
(4972)
3.30
56.8

4.48
(650)
.659
(5.23)
1.46
(4994)
3.29
56.6

4.48
(650)
.914
(7.26)
1.41
(4805)
2.37
54.4

2136
(3885)
4.48
(650)

2552
(4134)
13.8
(2000)

20

20

1995
(3130)
4.48
(650)
22.6

CONSTANT-PRESSURE COMBUSTION
~A/F»20
RESERVOIR PRESSURE»4.48 M P o /

0.68 -

0.72

Plant Using

Plant Using
ConstantPressure
Combustion
Engines

i

-/_1 . 5
/
/ -~ 1.4

S
/

/

~0.64
o

1.3 £
e

/

_j
i.

i.2 i

£0.60
u
|0.56

-

1.1 £
v>

EO

0.52

0.62 -

4
6
8
10
RESERVOIR PRESSURE, MPa
Fig. 3.

run

1.30

Fig. 4.

Influence of Reservoir Pressure
o n Specific A i r Flow Rate and
Specific Heat Rate

Figure 5 is presented to indicate
operational flexibility possible using the
pressure-limited combustion process. It
is seen that a constant maximum pressure
can be maintained over a wide range of
reservoir pressure. The penalty is an increase in maximum engine temperature and
heat rate. This suggests that the engine
could be used with aquifer or salt-cavern
storage to provide constant plant output
with varying reservoir pressure by controlling the fuel injection rate.

EXPECTED
— VARIABLE — —
-10
RANGE
1
1
1
1
1
1
4
8
12
16
20
24
28
HEAT LOSS TO JACKET WATER, %LHV

0.9

Influence of Jacket Water Heat
Loss on Specific Air Flow Rate
and Specific Heat Rate

Throttling of the air flow would be eliminated and the reservoir size would be reduced.
The use of a compound engine is seen
to offer performance advantages over the
use of an all-turbine system. As would be
expected, plant performance using the compound engine falls between the values using
the all-turbine or all-reciprocating system.
The compound engine operates at a significantly lower specific air flow rate than
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any of the turbine systems, which results
in a higher power ratio and overall plant
efficiency.

.3000

I

The compound engine would consist of
eight Delaval Model RV-20-4 diesel engines
operating in parallel and feeding the LP
turbine. This model is a large, slow
speed (450 rpm) engine designed for stationary power or marine application. The
cost of $46/kW listed in Table 2 includes
all auxiliaries and accessories for a standard installation and will, therefore,
yield a conservative cost estimate since
many standard items (such as intercoolers
and turbochargers) will not be needed in
this particular application. In addition,
some reduction in price should result from
large-quantity production. In fact, the
estimate may be even more conservative
since the engine eventually chosen for this
application may be a lower-priced, compact,
high-production engine of less rugged design such as used in diesel locomotives.

PRESSURE-LIMITED COMBUSTION
MAXIMUM PRESSURE. 13.6 MPo
A/Ft 20
HEAT LOSS'20% IHV

12800
5
g2600

£2400

2200
4
6
6
RESERVOIR PRESSURE, MPo
Fig.

5.

10

Effect of Reservoir Pressure on
Maximum Engine Temperature

PRELIMINARY COST ESTIMATES
COST OF COMPOUND ENGINE
Performance and cost data of a HP turbine, LP turbine, and reciprocating engine
that can be combined to function as a turbine system or compound engine for a CAES
plant are presented in Table 2. The turbines were selected to match the flow requirements of the reciprocating engine.
Table 2.

The cost of the compressor system to
supply about 375 kg/sec (827 lb/sec) of air
at 5.92 MPa (865 psia) to the storage reservoir is estimated from Ref. 4 to be $18/
kW of power input. Assuming an expansion
power to compression power ratio of 2.37
(i.e., the value listed in Table 1 ) , the
total cost of the expansion/compression
equipment for the compound-engine concept
can be calculated as $41/kW. However,
this estimate does not consider the possible cost reduction using the engines as
reversible, HP reciprocating compressors.
From Ref. 3, the expansion power to compression power ratio for the all-turbine
system can be calculated as 1.67. Using
this value, the total cost of the expansion/compression equipment for the allturbine system can be calculated as $38/
kW.

Performance and Cost of Expanders

HP
Turbine

LP
Turbine

HP
Reciprocating
Enginea

Inlet Pressure, MPa (psia)

5.92(865)

1.15(167)

5.92(865)

Inlet or Maximum
Temperature, K (°F)

1367(2000)

1367(2000)

2100(3324)

296(653)

375(827)

296(653)

112

200

238

41

19

46

Total Mass Flow (including
cooling air), kg/sec
(lb/sec)
Net Power Output, MW
Cost, $/kW

8 - Delaval Model RV-20-4 Diesel Engines
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COST OF REVERSIBLE-RECIPROCATING ENGINES
As previously discussed, a CAES plant
using reversible-reciprocating engines for
power generation and compression could be
designed (Fig. 1 ) . It is demonstrated in
Ref. 1 that four LP expander engines would
be needed to match the volume flow of each
HP expander. Therefore, using the Delaval
engines, power generation would require
thirty-two LP engines for every eight HP
engines. The LP engines would not require
fuel injection and thus should be slightly
lower in cost than the HP engines. Assuming the same power output as the compound
engine (i.e., 238 MW for HP expansion and
200 MW for LP expansion) and equal cost
for the HP and LP expander engines, the
total capital cost of the engines would be
$109/kW. Some additional cost would be
necessary to make the engines reversible
so that they could operate as reciprocating
compressors. Thus, the cost of the expansion/compression equipment would be greater
than $109/kW.
This estimated cost is much greater
than that of the compound-engine or the
all-turbine system. The conclusion is
that reversible-reciprocating engines for
both high- and low-pressure duty should
not be used.

The operating cost is equal to the
sum of the capital charge, fuel cost, electricity cost, and operating and maintenance
costs. By definition, the reduction in the
capital charge is equal to that of the total capital cost. The fuel cost of the
compound engine is about 26% greater than
that of the turbine system because of its
higher heat rate. Offsetting this increase
is a reduction of about 42% in the electricity cost. The operating and maintenance
charge of 3.0 mills/kWh for the compound
engine represents a conservative estimate
based on Ref. 6. The total operating cost
of a CAES plant using a compound engine is
about 8% less than that of a plant using
a near-term turbine system.
OTHER APPLICATIONS
OF RECIPROCATING ENGINES
The performance and cost estimates
presented in this paper are based on largescale peak-power generation (e.g., greater
than 200 MW) for electric utilities. However, reciprocating engines are also adaptable to store energy in the form of compressed air using dispersed solar or wind
energy conversion systems. These systems
could generate 1 kW - 10 MW of peak power.
CONCLUSIONS

COST COMPARISON BETWEEN A NEAR-TERM
TURBINE SYSTEM AND COMPOUND ENGINE

The use of reciprocating engines in
CAES plants has been evaluated in this
paper. Two plant configurations were considered — one using reversible-expander/
compressor engines and a plant using a
compound engine concept composed of reciprocating engines and turbomachinery. The
expected advantages compared to turbinebased designs are reduced reservoir size
and cost, reduced compression energy requirements, increased overall plant efficiency, and reduced capital and operating
costs.

A comparison of the capital and operating costs of a CAES plant using a nearterm turbine system and one using a compound engine is presented in Table 3. In
both plant designs, compression is accomplished using turbocompressors.
A water-compensated mined cavern was
selected as the air storage reservoir.
The operating characteristics of the reservoir were 20-hr nominal storage (as defined in Ref. 5 ) , 2190-hr generation time,
and a storage pressure of 4.48 MPa (650
psia). The storage-cavern and surfacereservoir costs were estimated using data
from Ref. 5. The cost of the balance of
plant and the capital cost of the expansion/compression equipment were assumed to
be the same for both plant designs.
The use of the compound engine results
in a cost reduction of about 25% for the
storage cavern and surface reservoir. This
reduction is due to the lower air-flow requirement of the compound engine. The total capital cost is reduced to about 11%.
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It is shown that using reversibleexpander/compressor engines in place of a
near-term turbine system reduces the required air flow by about 53%, decreases
compression energy by about 58%, and increases overall plant efficiency by about
5%. However, all of the cost advantages
achievable from this improved performance
are more than offset by the increase in the
cost of the engines. It was estimated that
the cost of the engines would be about
three times that of a turbine-based system.
This result is due to the high cost of
using reciprocating engines for low-pressure expansion. Thus reversible,

Table 3.

Cost Comparison Between Near-Term
Turbine System and Compound Engine

Water-compensated mined cavern
Storage pressure = 4.48 MPa (650 psia)
20-hr nominal storage; 2190-hr/yr generation time
Near-Term
Turbine System
Capital Cost, $/kW
Expansion/Compression Equipment3
Storage Cavern
Surface Reservoir
Balance of Plant
Indirect Costs'3

41
89
8
80
136

Total
Difference
Operating Cost, mills/kWhC
Capital Charge
Fuel
Electricity
Operating and Maintenance

41
66
6
80
121

$354/kW

$314/kW
-11.3%

29.5

26.2
12.0

9.5

Total
Difference

Compound
Engine

10.8

6.3

2.0

• 3.0

51.8 mills/kWh

47.5 mills/kWh
-8.3%

Engines and/or turbines and compressors
15% contingency, 10% engineering and administration,
30% escalation and interest during construction.
C

Capital charge - 18%/yr; fuel - $2.50/106 Btu;
electricity - 15 mills/kWh.

reciprocating, expander/compressor engines
should not be used for both the high- and
low-pressure duties of a CAES plant.
The compound engine evaluated is composed of a reciprocating engine for highpressure expansion, a gas turbine for lowpressure expansion, and turbocompressors
for compression. Comparing a plant using
a compound engine concept to one using a
near-turbine system, the air flow is reduced about 35%, compression energy requirements are decreased by about 42%, and
the overall plant efficiency remains about
the same. However, the capital cost of the
expansion/compression equipment is about
the same (or possibly lower) than the turbomachinery of the near-term system. It
is estimated that the capital and operating
costs are reduced about 11 and 8%, respectively.
The evaluation presented in this paper
indicates that a considerable economic advantage can be realized using a compound
engine concept in a CAES plant. Further

work is planned to evaluate the economics
of the substitution of the high-pressure,
reciprocating engine for a gas turbine in
a CAES plant. In addition, the use of reciprocating engines in dispersed solar or
wind energy conversion systems will be
evaluated.
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ADVANCED CAES SYSTEM STUDIES
M. A. McKinnon
Pacific Northwest Laboratory
PO Box 999
Richland, Washington 99352

ABSTRACT
The primary objective of this program during FY-1978 was to evaluate and screen a
number of advanced concepts available for integration with compressed air energy storage
(CAES) systems. This paper summarizes the principal results and conclusions reached from
a preliminary assessment of four concepts for heating air without using premium fuels.
The concepts considered were Nuclear Waste Heat Augmented CAES, Magnetohydrodynamics (MHD)
combined with CAES, Coal Gasification used with CAES, and Fluidized Bed Combustion (FBC)
used with CAES. In addition to the above studies a comparative economic analysis of CAES
in a hard rock cavern was made for three systems, a conventional fired system, a hybrid
system using a single stage of thermal energy storage (TES), and a no fuel double stage
TES system. Conclusions reached from the studies are: 1) nuclear waste decay heat
utilization in conjunction with a CAES system is technically feasible but the potential
fuel savings will not compensate for environmental concerns or justify the additional
system complexities, 2) .MHD has potential for a good match with CAES but should not be
studied further until the MHD problems have been solved, 3) Coal Gasification and FBC
require more study, 4) Hybrid CAES systems and no fuel CAES systems using TES can be
competitive with conventional CAES if there is a large enough differential between
compression power costs and fuel costs.
and without augmentation by thermal energy
storage (TES). In addition, PNL examined
how nuclear waste heat, magnetohydrodynamics,
fluidized bed combustion and coal gasification may be integrated with CAES. This
paper reports the results of those studies.

INTRODUCTION
Large scale energy storage systems
are useful in an electric utility grid as
a means.for load leveling, i.e., storing
energy during periods of excess capacity
for use during periods of excess demand.
There are several alternatives for
storing energy under investigation.
Compressed Air Energy Storage (CAES) is
one of these alternatives that appears
to be economically and technically viable.
There is however a potential long term
weakness of conventional CAES concepts.
It is the reliance of conventional CAtS
on clean petroleum fuels whose future
availability for power generation is
under question due to increasing demand,
decreasing domestic reserves and the
uncertainty of potential import embargos.

INCREMENTAL COST ANALYSIS
The FY 1977 progress report for CAES
advanced concepts concluded that turbine
fuel could be saved if Thermal Energy
Storage (TES) was added, but at the
cost of increased system size and
complexity, reduced overall energy utilization efficiency, and increased capital
cost. The preliminary economic analysis
concluded that there was currently no
apparent economic incentive to include TES
in a CAES system. However, because of the
preliminary nature of the analysis and
because of the minor cost savings of
non TES systems over that of systems using
TES, additional economic analysis was
recommended. This section of the report
gives the results of that analysis.

The objective of the advanced CAES
concept studies at Pacific Northwest
Laboratories is to find and develop
CAES systems whose dependence on petroleum
derived fuels is minimized or entirely
eliminated. During this past year five
such systems have been investigated.
A comparative economic analysis was made
of CAES systems at a hard rock site with

CAPITAL COSTS
This analysis considered the three
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systems shown schematically in Figures 1,
2 and 3. The first figure is that for the
reference or base CAES system. The second
and third are for the hybrid and the nofuel systems, respectively. The operating
and performance variables used in the
analysis are shown in Table 1 and were
taken from reference 1. The no-fuel
system was selected such that all of the
compression energy would be saved. We had
felt that the no-fuel system would not look
economically competitive; however, as will
be seen from this study, chat is not necessarily the case. The no-fuel system can
look good under the proper set of conditions.

Fig. 2. High Pressure CAES Cycle With
Recuperation and Single Stage
TES/Regeneration
Table 1. Operating and performance
Variables*
System/State Parameter

Units

Reference
CAES System .

Hybrid
System

No Fuel
TES System

OPERATING VARIABLES
LPC (Axial Outlet
Temperature
HPC ( C e n t r i f u g a l )
Outlet Temperature
HPT I n l e t Temperature

437

700

896

°F

437

°F
°F

1,000

4Sil
1.000

525
502

1,500

1,500

855

HPT Expansion Ratio

3.1

5.8

PT Expansion Ratio

15.0

8.0

6.1
7.6

13.5

12.2

11.0

LPT I n l e t Temperature

Fig. 1. Base System High Pressure CAES
Cycle

°F

PERFORMANCE VARIABLES
Compressor S p e c i f i c
Mass Flow Rate

lb/kwh

Turbine S p e c i f i c Mass
Costs generated for the reference CAES
Flow Rate
lb/kUh
10.6
10.6
16.0
system were based on estimates developed
Coefficient of
(kWOout
1.15
0.69
Performance
1.27
in a recent Acres American, Inc. feasibility
(klihiln
study of CAES for peak shaving in CaliforBtu/kHh
3.279
Turbine Heat Rate
3.771
nia.2 These estimates are also used as a
Btu/kHb 11.420
11,810
14,100
System Heat Rate
basis for developing the costs of the TES
oraqe
Advanced
Systems
•F-Y-iy77
Progress
Report
Compressed
A
i
r
Enerqy
St
systems. Where equipment requirements
are similar to those of the base case but
of a different size, costs were assumed to
be directly proportional to size. Where
new equipment was used, other cost sources
A capital cost comparison of the
were sought. Becaus? this is an incremental three systems is given in Table 2.
cost analysis, the primary focus of the
These costs assume a 750 MW CAES facility
cost comparison is on capital equipment
constructed over 6.5 years with the plant
differences and on the differences in
going on line in 1984. All costs were
turbine fuel and compression energy use.
price level adjusted to represent the total
More interest was shown in relative costs
installed cost in January, 1985 dollars/kW.
than in absolute costs.
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Table 2. Capital Cost Comparison ($106)
Reference
CMS 5y»tt» Hybrid ! n l »
Land, Structures tnd Plint
Equipment
Turbo Machinery

i S.5

$ 5.5

$ 5.2

1.2
.

0.4

1.7

Intercoolers
Aftereoolers
Compressor Recuperator
Compressors
Compressor Motors
Turbines

0.8
-

Turbine Exhaust Recuperator
Other Turbo Machinery
Storage F a c i l i t i e s
Air Storage s Associated Costs
Thenui Storage
Fuel Storage
Electrical and Miscellaneous

-

25.0
17.3
18.4

22.0
25.0
19.2
18.4

8.5
27.7

8.5

37.5
31.9
27.5
-

27.7

26.2

34.5
2.0
0.4

51.8
6.1
-

34.5
0.4
_ .1.0.6.

.10.6

$150.4

$175.1

$197.3

$173.0
25.9
50.4

26.3
$201.4
30.2
58.7

$226.9
34.0
66.1

Engineering and Construction
ManigeMnt (151 of Direct Costs)
Contingency (15X of Above)
Escalation During Construction

Mo FwT
TES S»it»

31.4

36.6

41.2

July 1984 $

Interest Durinq Construction

«280.7

$326.9

$368.2

January 1985 S
Plant Capacity
Cost/kN 1985 S

287.8
750 MW
S384/W

335.1
750 HI
S447AH

377.4
750 H I
$S03/kH

Table 3. Reference Case Assumptions for
Comparative Analysis
Plant Storage Capacity

10 hours

Plant Capacity

750 MU

Operation and Maintenance Costs
$4.85/kW (a)

Fixed

.32 m1]ls/kWh (a)

Variable

Fig. 3. No-Fuel TES High Pressure CAES
System
Calculations for the base CAES
system cost of electricity and the
other incremental costs are based on the
same assumptions as were used in the Acres
American study. These assumptions are
listed in Table 3. Using these assumptions, the levelized cost of electricity
for the three CAES systems were calculated.
These costs are shown in Table 4.

Operation and Maintenance Cost Escalation Rate

5.5I/yr

Fuel Cost

$4.00/10.6 B t u l a )

Fuel Cost Escalation

7.0%/yr

Compression Energy Cost

30mills/kHh l a >

Compression Energy Cost Escalation Rate

7.0J/yr

Cost of Money

12*

Fixed Charge Rate

15.5%

Life of Plant

35yrs

Capital Cost Escalation Rate

51

Capacity Factor

251

la)

19B5 Price Levels

Table 4. Levelized Cost of Electricity
for CAES Systems
Costs (mills/Ml)
Cost
Component

The sensitivity of the levelized cost
of electricity to capacity factor, turbine
fuel cost, and compression energy cost is
shown in Figures 4, 5, and 6. Figures 4,
5 and 6 can be confusing unless one
recognizes that the power cost from the
base CAES system (represented by a dashed
line at zero in the figures) increases with

Capital
0 S«

Hybrid
System

27.2

32.7

No Fuel
TES System
35.6

4.5

4.5

Turbine Fuel

31.5

27.4

Compression Energy

19.3

54.7

91.2

11?.5

118.3

131.3

Total
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Reference
CAES System

4.5
0

4Q

• REFERENCE CASE
30MILUKW-H
$4.0410*) BTU

• REFERENCE CASE
30MILL/KW-H

30

/

NO-FUEL/TES

20
HYBRID

/

.

10

0

-10

-10

20
1657)

(986)

CAPACITY FACTOR, *
(1,314)
11,643)
(1.971)

30

1

1

i

40

50

60

COMPRESSION ENERGY COST, MILLS /KW-HR
(2,3001

(UTILIZATION RATE, 10° KW-HR/VEAR)

Fig. 4. Capacity Factor (Utilization Rate)
Sensitivity
40
•

REFERENCE CASE
30MILLKW-H
M.O/UO 6 ! BTU

-10
3.50

4.00

4.50

5.00

energy cost of 20 mills/kW-hr were assumed,
instead of the 30 mills/kW-hr that was
used to obtain the results for Figures 4,
5, and 6 the no-fuel system would be more
economical than the reference system
for
fuel costs greater than $4.75/106 Btu.
This study has shown that a particular
no-fuel system can look attractive if the
differential between compression energy
and turbine fuel costs is large enough.
However, that no-fuel system had assumed a
compressor outlet temperature that is
beyond the limits of current technology.
Even so, we are encouraged by the results
and feel that additional analysis should
be conducted on no-fuel systems that use
equipment that represents current technology.

NO-FUEL/IES

3.00

Fig. 6. Compression Energy Cost
Sensitivity

5.50
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Fig. 5. Fuel Cost Sensitivity

UTILIZATION OF NUCLEAR WASTE DECAY HEAT

fuel cost and compression energy cost and
A preliminary assessment has been
decreases with increased capacity factor.
performed of the utilization of decay
These three figures only look at the
heat from canisters containing solidified
incremental cost above that of the base
waste fission products to augment a
CAES system. As seen from these figures,
compressed air energy storage (CAES)
the incremental cost for this particular
system. The primary focus of the study
hybrid system does not reach zero for any
was to perform a technical assessment of
value of the three parameters examined.
the concept and then, if the results
However, the variance does not become
were sufficiently positive, to follow
very large over the range of values studied. that study with a detailed economic
The incremental cost for the no-fuel TES
assessment. The conclusion reached
system exhibits a much higher degree of
is that even though a CAES system augmented
sensitivity. For compression energy costs
by nuclear waste decay heat may be techniless than 15 mills/kW-hr in 1985, this
cally feasible, the potential fuel savings
particular no-fuel system could operate
will not be sufficient to compensate for
less expensively than the reference CAES
environmental concerns or to justify the
system. In addition, if a 1985 compression
additional system complexities.
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The expansion side of the system used
for the analysis is shown schematically in
Figure 7. It uses exhaust heat recuperation
and two stages of expansion. The compression side of this system is the same as
shown in Figure 1. The nuclear waste is
contained in a secondary loop and heat is
recovered by means of a heat exchanger.
Calculations performed based on heat transfer considerations indicated that the
nuclear waste would have to be contained
in finned canisters in order to obtain the
required heat transfer and to maintain high
air temperatures. Current canister technology, even though ill defined, restricts
cylinder designs to 12 to 24 inch diameter, 10 to 15 feet lengths, maximum skin
temperatures between 500°F and 800°F, heat
loadings of 3.5 kW/can to 13 kW/can, and
maximum allowable cyclic temperature fluctuation of 200°F.

populous area would present a number of
drawbacks. In addition to considering
safety when selecting a site, the potential
impact on the environment must be taken
into account. Problems with licensing
will also undoubtedly arise.
The obstacles and costs associated
with the utilization of nuclear waste
decay heat with CAES appear to be much
greater than an alternate system, CAES
with TES. The nuclear system will suffer
penalties and costs due to finned canisters,
remote handling, siting and licensing.
In addition, the nuclear system does not
use the compression heat.
The TES system can store the compression
heat that the nuclear waste system does
not use. The temperature level of the
compression heat is comparable to the
allowable skin temperature of a canister
in a nuclear system. A TES system can be
very simple, have a low capital cost,
require minimal maintenance, and have
insignificant impact on the environment.
A nuclear system will not be able to compete with a simple TES system.
MAGNETOHYDRODYNAMICS
Magnetohydrodynamics (MHD) was found
to be a prime candidate for CAES applications since approximately twenty percent
of its output is used to compress air.
Optimum use of MHD and CAES requires that
they are located at the same facility.
This would also allow the heat of compression of the CAES system to be used to heat
feedwater for the MHD bottoming cycle.

Fig. 7. Expansion Side of a CAES System
Utilizing Nuclear Waste Decay Heat
and Turbine Exhaust Recuperation
The cycle calculations performed
indicate that the use of waste decay
heat can decrease fuel consumption
by up to 18%. This fuel savings
must be balanced against the cost of
adding fins to the canisters and
providing waste storage caverns with
remote handling equipment. This
system will also need air circulating
equipment, heat exchangers and air
monitoring equipment

CAES incorporated with MHD would
allow a facility to have base and intermediate load capability. The facility
may be able to supply peak loads also.
The system would derive all of the air
storage compression power internally and
would not have to rely on power from the
utility grid during off-peak periods. The
ultimate goal of the continuously operated
CAES/MHD plant might be to supply the
entire spectrum of the demand curve and to
do so at efficiencies close to that of baseload power generation.
Presently the MHD system with best
compatibility with CAES is an open-cycle
MHD with a steam bottoming plant as
shown schematically in Figure 8. To
combine the system of Figure 8 with CAES,
the compressor must be replaced by a CAES
plant which includes an expander turbine

Location is another factor that
works against the concept. Ideally,
a CAES plant should be situated near a
load center, thereby minimizing transmission losses. However, locating a
nuclear waste storage facility near a
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During the previous fiscal year a
preliminary study of Fluidized Bed Combustion (FBC) integrated with CAES was
initiated. The material reviewed indicated
that FBCs could provide a clean efficient
means of burning coal without the need for
stack gas scrubbing. FBC was also reported
to have low NO emissions and reduced carry
over of volatiTes. The bed's temperature
also eliminates slagging problems and
produces a soft unsintered ash.
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These positive findings prompted
additional study of FBCs. A request for
proposals was advertised and an evaluation
of the responses has been completed. A
contract with United Technology Research
Center to further that study is being
finalized. The overall contracted effort
consists of four tasks which are:
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. Review and assess the state-of-theart of pressurized and atmospheric
FBC as they relate to CAES applications.

Fig. 8. Open Cycle MHD with a Steam
Bottoming Plant
whose outlet pressure is ten atmospheres.
During retrieval of air from storage, the
ten atmosphere expander turbine exhaust'
will become the air supply to the combustion chamber of the MHD system. Such a
CAES/MHD combination would allow an MHD
plant with a base output of 970 MW to
become a plant that can deliver a range of
power from 628 MW to 1346 MW. Preliminary
calculations indicate the combined CAES/MHD
plant can supply mid range power at efficiencies close to base load efficiencies.
Before MHD/CAES can be demonstrated,
MHD will have to be successfully demonstrated on a commerical scale. Many MHD
problems remain to be solved prior to
that time. The most obvious and hardest
MHD problems are associated with high
temperature materials for electrodes.
Several other problems which are currently
preventing MHD from being a near term
option for power generation are: end
current losses, electrode arcing, large
scale DC-AC power conversion, avoidance of
shocks, and seed separation.

. Develop schematic diagrams of possible
FBC/CAES configurations. Perform a
preliminary screening analysis to
identify the system or systems which
have the greatest potential for
successful development as near term
CAES peaking plants.
. Develop a pr.conceptual design of the
best system as determined from the
screening analysis. Determine availability and estimate cost of system
components.
. Project the potential market available
to a CAES/FBC system.
Meanwhile, additional studies of FBCs
have been conducted at PNL to identify
potential problems or limitations imposed
by combining FBC with CAES. The major
problems are associated with either the
design and cost of a compatible heat
exchanger for an atmospheric FBC (AFBC) or
the particulate clean-up problems needed
to insure the survivability of the turbines
in a pressurized FBC (PFB) system. The
technology to clean the gas at high temperatures does not exist at the present time.

Our preliminary evaluation indicates
that MHD would be a good companion for
CAES, however, we recommend that additional development of MHO/CAES systems
be delayed until most of the MHD problems
are solved.

Most of the available literature on
AFBCs addresses their use as boilers in a
steam system. As boilers the systems can
be small due to optimum use of the enhanced
heat transfer coefficient in the fluidized
bed. The tube wall temperatures are kept

FLUIDIZED BED COMBUSTION
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low by the cooling effect of the boiling
water on the inside of the boiler's tubes.
The superheat region of the boiler can be
located out of the bed.
When an AFBC is used as an air heater
the tube wall temperatures pose more severe
design problems. The cooling effect of
the air on the inside of the air heater
tubes does not provide as great a cooling
effect as boiling water; therefore, the
tube wall temperatures and tube surface
area can be expected to be higher. The
higher wall temperature will demand more
exotic materials to withstand the pressures
and corrosion potential. It appears that
Incoloy 800 will be required for the heat
exchanger so that wall temperatures of
1200°F to 1300°F.can be attained. The
increase in tube surface area requires
more tubes, but the density of tubes is
limited by its impact on the bed fluidizing
and mixing processes. Consequently, to
get more tubes in the bed requires a bigger
bed.
Material problems and bed size will be
included in next year's effort to assess the
viability of a FBC/CAES.
COAL GASIFICATION
A preliminary study was made to assess
the possibilities of augmenting CAES with
coal gasification. The study identified
one gasification system that is recommended
for further study.

multitude of different processes. Gasifiers
are generally classified according to
their coal flow relative to the gas flow.
Under this system, three types can be
identified: fixed bed, fluidized bed, and
entrained flow gasifiers. Other classification systems are also used, such as
pressure level, source of oxygen (air or
oxygen blown), number of stages, or ash
removal method.
It is not the intent of this part of
the paper to provide a complete description
of gasifier processes but only to indicate
that there are many types to choose from.
For more detailed information one is
referred.to
the references on gasification J 3 " 6 )
Power generation systems that use
coal as their primary fuel are high in
capital cost with respect to oil and
natural gas systems. Coal gas fired
systems would be even higher in capital
cost. High capital costs and the inability
for daily turn off of gasifiers dictates
that the gasifier facility be operated
continuously and preferably at full
capacity. The continuous operation would
also help to defray their high capital
cost.
The application of coal derived fuel
gas to CAES has now been narrowed to three
general alternatives. The options are as
follows:

. The gaseous fuel produced during
Gasification is the process of concompression periods would be sold
verting solid coal to a clean gaseous fuel.
and distributed to industrial users
Most processes used air or oyxgen with
steam
that are located nearby.
to react with the coal. The product xuel
gas may have a heating value range of 100
. Excess fuel produced during compresto 1000 Btu/scf depending on the process.
sion periods would be stored to be
The heating value of the product gas has
used during generation periods.
been divided into three major categories.
They are: low-Btu gas (LBG) with heating
. The turbines of the CAES operate
values from 75 to 175 Btu/scf. Intercontinuously using all the fuel gas
mediate-Btu gas (IBG) covers the 250 to
as it is being produced.
400 Btu/scf range, and high-Btu or pipeline quality gas (HBG) with a 925 to
The first option has control difficul1000 btu/scf range. Air blown reactors
ties and is limited to sites near large
produce LBG whereas MBG is produced by
industrial users. The user must be willoxygen blown reactors. HBG requires expening to use off-peak power. If he is willing
sive shift reaction and methanation process- to use off-peak power then he could be used
ing of MBG. In general, the thermal effito load level directly without the expense
ciencies of the conversion process decrease
of a coal gasification/CAES plant.
with increasing heating values while the
ease of storing and transporting the gas
The second option requires storage
increases.
of gaseous fuel. The technical problems associated with isolating gas and
air storage could make site selection
Gasifier development has produced a
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very difficult. Current gasifiers are
operated below 200 psi which would require
large storage volumes for the gas or a
means of compressing the gas into smaller
volumes. The additional gas storage cost
added to the already high cost of the
gasifier makes the option less attractive
than the other options.
The last alternate allows continuous
operation of the gasifier without the need
to sell or store the product gas. The main
operational characteristic is continuous
combustion of the product gas as it is being
produced. The acronym CGC/CAES (Continuous
Gasification and Consumption CAES) will be
used to denote this alternate. This option
is conceptually different in that the plant's
output would change by switching compressor
trains on or off. The compressors would be
on during storage and off during operation.
The turbines would be operated continuously.
Conventional CAES switches on and off both
the compressor and turbine trains.
The CGC/CAES bypasses the major disadvantages of other gasification options
namely storing or selling fuel gas. It is
this advantage along with the ability
to accommodate a coal gasifier that
operates continuously and at near full
capacity that makes CGC/CAES the most
attractive Coal Gas/CAES. The CGC/CAES
concept will be studied in greater detail next year. The extent of the study
will depend on the results and direction
of the coal gas/CAES work being done
by EPRI.
REFERENCES
1. Kreid, D.K. and M. A. McKinnon, "FY-1977
Progress Report Compressed Air Energy
Storage Advanced Concepts," Report No.
PNL-2464/UC-946, March 1978.
2. M.J. Hobson, et al., "Feasibility of
Compressed Air Energy Storage, as a Peak
Shaving Technique in California," Acres
American, Inc. for the California Energy
Commission. May 1978.
3. Donald L. Katz, Dales E. Briggs, Edward
R. Lady, John E. Powers, M. Rasin Tek,
Brymer Williams, and Walter E. Lobo,
Evaluation of Coal Conversion Processes
to Provide Clean FueTsT EPRI 206-0-0
Report to Electric Power Research
Institute by University of Michigan
College of Engineering, 1974.

447

Assessment of Low- and Intermediate-Btu
Gasification of Coal, FE/1216-4, National
Academy of Sciences, Washington, D.C.,
1977.
Handbook of Gasifiers and Gas Treatment
Systems, Dravo Corp, Pittsburgh, PA,
1976.

PROJECT SUMMARY

Project Title: Application and Design Studies of Compressed Afr
Energy Storage for Solar Energy Applications
Principal Investigator: Gerard T. Flynn
Organization: M.I.T. Lincoln Laboratory
P- 0. Box 73
Lexington, MA 02173
617/862-5500 Ext. 7456
Project Goals: The objective is to investigate the applicability of
compressed air energy storage in combination with thermal
energy storage for use in electric utility power generation.
The combination of solar thermal and off-peak energy will
be used in determining cost and performance models. Particular attention will be focused on the cost and performance
of the packed beds for thermal eneroy storage.
Project Status: Work nearly completed on the initial 15 month program.
Final report is in preparation.
Contract Number: EX-76-A-01-2295
Contract Period: Oct. 1978 - Jan. 1979
Funding Level:

$150,000

Funding Source:

U. S. Department of Energy

449

SOLAR THERMAL AUGMENTATION OF CAES*
G. T. Flynn
MIT/Lincoln Laboratory
P.O. Box 73, Lexington, Massachusetts 02173

ABSTRACT
This paper describes a storage system which combines an adiabatic compressed air
storage plant with a solar thermal central receiver. A packed pebble bed is used to
store the heat of compression generated during the charging of the compressed air
reservoir. This heat is then returned to the air on discharge of the reservoir. This
stored thermal energy minimizes the solar thermal energy required to raise the air
temperature to 1500°F at the turbine inlet
The system described is based on a central
receiver design proposed by Boeing. The turbomachinery is within the state-of-the-art,
but would be built specifically for this application.
Economic screening curves are given which compare conventional and adiabatic CAES
for both coal fired and nuclear base load pumping. This hybrid system is marginally
competitive with conventional CAES on the basis of levelized fuel costs of $3.55 per
MBtu and nuclear off-peak pumping costs of 7.0 mills per kWh.

1.0

INTRODUCTION

The storage of off-peak energy in the
form of compressed air could provide a
considerable saving in the fuel used for
peak power generation. An open-cycle gas
turbine peaking plant normally would
provide its own compressed air in a Brayton
cycle. Approximately two-thirds of the
power from the turbine is used to run the
compressor, and the remainder is available
for electric power generation. Therefore,
the efficiency is typically 30% or less
and the corresponding turbine heat rate is
12,500 Btu/kWh.
A CAES (Compressed Air Energy Storage)
system which provides compressed air from
an air storage reservoir can generate
power with a heat rate as low as 4000
Btu/kWh (1). If the compressed air reservoir is pumped (charged) by nuclear or
coal base load capacity during off-peak
hours, CAES could reduce high distillate
fuel consumption by a factor of three.
If the air were compressed isentropically, i.e., without intercooling and
the heat of compression were stored in a
TES (Thermal. Energy Store) , the system
could be operated adiabatically (2,3,4)
and no additional heat would be required
*This work was sponsored by the Division
of Energy Storage Systems of the U.S.
Department of Energy.

before expansion in the turbine. However,
an adiabatic system will always have an
energy return ratio (efficiency in this
case) of less than unity. The energy
return ratio is defined as the energy
delivered to load from storage divided by
the energy used for charging the storage.
In the case of a fired CAES, the energy
return ratio could be as high as 1.4.
If a hybrid scheme were used where
thermal energy was added to an adiabatic
system before turbine expansion, considerably less fuel-derived thermal energy
would be used to achieve the same turbine
inlet temperature utilized in fired CAES
design. If the thermal energy is to be
provided by a solar central receiver, the
importance of minimizing the heat rate is
even greater than for the fuel fired case
in order to minimize the capital cost of
the solar central receiver and heliostat
field.
2.0

SYSTEM DESCRIPTION

Figure 1 shows the hybrid solar/CAES
system. Off-peak energy is stored as
compressed air in an underground cavern
at a pressure of 35 BAR (BAR=14.5 p.s.i.a.)
In order to maintain a constant pressure
during charging and discharging, the
cavern is hydraulically compensated with
a water shaft to a surface sited pond.
The depth of the cavern from the surface
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is determined by the system pressure requirement. The depth would be 33.5 feet
x storage pressure in BARs. This calculation limits the system pressure to be
not greater than the local pore water
pressure, which eliminates any possibility
of air leakage through saturated overburden. At a pressure of 35 BARs, the
depth would be 1200 feet.

Figure 1

2.1

CAES CHARGING CONSIDERATIONS

The first compressor increases the
pressure from atmospheric to 16 BAR,
which is a reasonable value for available
compressors operating without intercooling.
With an inlet temperature of 70°? (530°R),
the outlet temperature would be 780°F
(1240°R). This air must be cooled before
entering the booster compressor. Rather
than discarding the thermal energy, it is
stored in a TES (Thermal Energy Store).
The TES (5) consists of a large
packed bed of pebbles. The air passing
through transfers heat to the pebbles.
The air velocity is quite slow and at any
point in the bed, there is only a slight
difference in temperature between the air
and the pebbles. Therefore, as the air
passes through the bed and heat is transferred from air to rock, a steep thermocline (temperature gradient) is developed.
This thermocline moves gradually to the
bottom of the bed on charging. On dischaiging, air flows in the reverse
direction through the bed and the thermocline would move back to the top. Because
of irreversibilities in the hfcat transfer,
the thermocline would gradually disperse
on successive charge/discharge cycles. As
this dispersion increases, the outlet
temperature of the bed would rise towards
the end of the charge cycle. To prevent
the inlet air temperature from exceeding
Lhe maximum allowable inlet temperature
to the booster compressor, the air is
cooled by passing it through a pipe which
runs through the watershaft to the surface.
The effect of this natural heat exchanger
has been calculated assuming a water temperature of 68°F (528°R). With a maximum
charging TES outlet temperature of 820°F
(1280°R), the maximum booster compressor
inlet temperature would be 240°F (700°R).
This is a sufficiently low inlet temperature to prevent damage to the booster
compressor. The amount of heat lost to
the water on each cycle is small and is
accounted for in the TES efficiency
rating of 90%.

Hybrid Solar/CAES System

A packed pebble bed T£S is used to
store the heat of compression £iom the
first compressor which provides a compression of 16:1. The second booster
compressor has a compression ratio of
2.2:1 to provide the cavern storage pressure of 35 BAR. On discharge, air from
the cavern passes through the TES to the
central receiver. The central receiver
is a power tower design in which 35 acres
of reflecting mirrors concentrate sunlight
on a tower mounted heat exchanger. This
central receiver heat exchanger raises
the temperature of the air from 820°F
(1280°R) to 1500°F (1960°R) before
expansion in the turbine. There is no
storage for the solar thermal system and
a backup fuel fired combustion chamber is
postulated in the economic analysis to
allow for solar unavailability.
The compressor and turbine chains are
connected through clutches to the motor
generator such that either chain may be
appropriately connected on charge or
discharge.

The way the system has been configured, it is not possible to utilize the
heat of compression from the booster
compressor. With an adiabatic efficiency
of 75%, the thermal energy is 75.46 Btu/
lb or 13% of the turbine heat rate on
discharge. The air in the cavern goes
directly to the TES on discharge. If it
were not cooled before storage, the lower
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end of the bed would equilibrate at too
high a temperature to act as an effective
intercooler on charging. Storing the air
at L-gh temperatues also increases the
volume required and thus would increase
the capital cost. If the pipe from the
booster compressor to the cavern is run
through the watershaft to form a counterflow heat exchanger, the air in the cavern
will be at an average temperature of 80°F
(54O°R). At this pressure and temperature,
the cavern volume required is 3.0 ft3/kWh
(discharge).
2.2

CAES DISCHARGE CONSIDERATIONS

On discharge, air leaving the cavern
is piped directly to the lower end of the
TES. The air temperature is raised from
80°F (540°R) to 820°F (1280cR) in passing
through the packed bed. The discharge
temperature of the packed bed over the
entire discharge interval is shown in
Figure 2, The average TES discharge
temperature is 78O°F (1240°R). This air
is then piped to the solar central
receiver (or a combustion chamber) where
the temperature is raised to 1500°F
(1960°R) before entering the expansion
turbine. The solar thermal heat rate is
288 Btu/lb of air. The central receiver
chosen as a model for performance and cost
was a Boeing design (6,7). The Boeing
system is designed to operate at 34 BAR in
a closed Brayton cycle. The basic design
of the system with some scaling as described below has been taken intact with
the closed cycle turbomachinery replaced
by the 32 BAR expansion turbine described
below.

DISCHARGE PERIOD No 1
DISCHARGE PERIOD No.5
STEADY STATE CONDITION

ECONOMICS

3.1

CAPITAL COSTS

The capital costs of the system fall
into three general categories: mining
and construction; solar central receiver
and heliostats; and rotating machinery
and balance of plant.
3.1.1

COST SUMMARY MINING AND CONSTRUCTION
$/kW

5 HOI
©

3.0

The capital costs are based on a 100
MWe, 12 hr storage system. The costs for
the solar thermal system have been taken
directly from the Eoeing cost estimate
with appropriate scaling as described
above. A cost escalation of 8.5% per year
was used, and all estimates are expressed
in 1980 dollars.

TES DISCHARGE TEMPERATURE (*R) vsTIME FOR SUCCESSIVE
DISCHARGE PERIODS ON A DAILY CYCLE BASIS

©

'or a turbine expansion ratio of 32:1,
an isentropic efficiency of 90%, and a
generator efficiency of 98%, the mass flow
through the turbine is 7.85 lbs/kWh. The
solar thermal heat rate is 2260 Btu/kWh,
which is equivalent to a "thermal efficiency" of 151%. This "thermal efficiency"
is useful only in scaling the solar thermal
portion of the system; that is, the turbine
generator efficiency in the Boeing design
was 42%. With this hybrid, 3.6 times as
much energy is produced with the same
scale central receiver and heliostac field.
Alternately, the cost of the components in
the solar thermal system expressed in
dollars per kWh are reduced by a factor
of 3.6.

7.00

Geology Land Site Improvements
Cavern Excavation @ $1.0/ft
(12 hr)
Water Shaft
Air Shafts
Valves & Misc. Fittings
Thermal Energy Storage
Pond (land & sealing)

36.00
1..80
3..40
5..00
35.00
2.80
$91.00

Mining & Construction Subtotal =
3.1.2

COST SUMMARY SOLAR THERMAL
$/kW

DISCHARGE TIME I HOURS)

Figure 2
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Land & Site Improvements
Structures & Facilities
Heliostats
Central Receiver
Fuel Storage

0.41
20.73
121.92
42.67
27.63

Solar Thermal Subtotal =

S213.36

3.1.3

COST SUMMARY-ROTATING MACHINERY &
BALANCE OF PLANT

3.5

For purposes of estimating delivered
energy cost, a solar availability factor
of 62.5% is used. The remaining 37.5% of
thermal energy would be supplied by oil or
natural gas. On an annual basis, the
average fuel heat rate would be 0.375 x
2290 Btu/kWh or 860 Btu/kWh. With an
estimated 1980 fuel cost of $3.55/MBtu, the
incremental fuel cost is 3.0 mills/kWh.

$/kW
Compressors, Turbines, Clutches,
etc.
160.00
Generators, Transformers,
Switchyard
16.14
Balance of Plant
13.25
Rotating Machinery Subtotal
3.1.4

$189.39

TOTAL SYSTEM COST

3.6

9/K.W

MINING & CONSTRUCTION
SOLAR THERMAL
ROTATING MACHINERY & BALANCE
OF PLANT
CONTINGENCY @ 15%
INTEREST DURING CONSTRUCTION
TOTAL COST - 1980
3.2

91.00
213.36
189.39
77.14
88.71

3.7

ECONOMIC SCREENING CURVES

$659.60
In order to decide the relative value
to a utility of any amount of plant expansion, one of the most useful tools for
first cut evaluation is the economic
screening curve. Alternative generating
options may be plotted in terms of cost
per year per unit capacity versus generating hours per year. If a plant were to
be used for reserve capacity and operated
only several hundred hours a year, the
capital costs are more significant than
the fuel costs and the choice is clearly
the simple open cycle gas turbine peaking
plant. On the other hand, if the baseload
is expanded, i.e., generation time is six
to eight thousand hours per year, the fuel
and operating costs would dominate and the
choice would be a nuclear or coal plant.

AVAILABILITY FACTOR

FIXED ANNUAL CHARGE RATE

The fixed annual charge rate is based
on investor return on capital, life of
the plant and annual tax rate. For this
analysis the fixed annual charge rate is
18%. The annual capital cost is:
Annual Capital Cost-Total Capital Cost
Availability Factor
x Fixed Annual Charge Rate.
3.4

OPERATING AND MAINTENANCE COST

Operating and maintenance cost has
been set at 3 mills/kWh which is based
on operating experience with conventional
gas turbines.

Due to both planned and forced
outages, a power generation facility is
not available 100% of the time. However,
gas turbine plants have very short outage
periods, i.e., complete overhaul is quick
compared to a nuclear or coal plant.
Based on the gas turbine experience, the
availability factor has been set at 85%.
3.3

FUEL COST

CHARGING ENERGY COST

In order to charge the storage, offpeak energy from a baseload facility is
used. Generally, the capital cost of a
baseload plant is charged against energy
delivered to load and storage is charged
only the incremental cos?- of fuel, operation and maintenance. For a nuclear
plant (8), the incremental cost is 7
mills/kWh charging energy and for a coal
plant, 15 mills/kWh. Each kWh of discharge requires 0.9 kWh of charge. Therefore, the incremental pumping cost for
nuclear is 6.3 mills/kWh and 13.5 mills/kWh
for coal baseload.
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Passive storage systems do not have
fuel costs, but do have incremental operating and maintenance costs as well as
charging energy costs. Conventional fuel
fired CAES has both an incremental
charging cost and a fuel cost and this is
indicated on the screening curves by the
higher slope these systems have over the
passive or adiabatic systems.
4.0

SUMMARY AND CONCLUSION

Because of the high capital costs of
the solar/CAES option, it does not seem
economically competitive with any of the
UPHS (Underground Pumped Hydro Storage)
or other CAES systems.

The final busbar power cost per year
versus generation hours per year is shown
in Figures 3 & 4 for nuclear and coal
pumping. Also shown are several other
storage systems for economic comparison.
The busbar energy cost may be derived by
dividing the ordinate by the abscissa.
With nuclear pumping the hybrid solar/CAES
option is marginally competitive with the
open cycle gas turbine with a generation
time of 3000 hours per year.
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THE APPLICATION OF FLYWHEEL ENERGY STORAGE TECHNOLOGY TO SOLAR PHOTOVOLTAIC
POWER SYSTEMS
Alan Millner
Massachusetts Institute of Technology
Lincoln Laboratory
Lexington, MA 02173

ABSTRACT

INTRODUCTION
Solar photovoltaic (PV) electric
power systems presently being developed
invariably use electric storage batteries
when on-site energy storage is required.
Moreover, studies of future PV power
systems assume continued use of batteries
for on-site storage, albeit with more
advanced, efficient and less expensive
battery designs. This preeminence is due
at least in part to the generally held
conviction that no other on-site storage
system can compete economically with
batteries for PV usage. However,studies
performed during the past year at MIT/
Lincoln Laboratory show that flywheel
energy storage will be technically and
economically competitive with either
present-day or advanced storage batteries
if the flywheel storage system is properly configured. This conclusion was
reached after comparing battery and
flywheel storage in a systems context,
whereby their influence on other subsystems (such as inverters) was determined.
The essence of the proposed approach
is the utilization of the flywheel subsystem for more than the energy storage
function. A PV power system usually
requires an inverter to convert the
low-voltage DC output from the solar
arrays to a (usually) higher voltage
AC waveform, and this operation can
be performed by the flywheel unit by
use of a DC drive motor and a permanent
magnet alternator. Also, it is usually
necessary to provide a good impedance
match between the PV array and the
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load in order to maximize the electric
power extracted from the array, and
this function (commonly referred to as
maximum power tracking) can also be
provided by the flywheel. Figure 1
shows the system block diagram comparison of a battery system and inverter,
a conventional flywheel with DC input
and output followed by a DC-to-AC
inverter and a combined flywheel
storage and power conditioning system.
The simplicity of the last block
diagram reflects the real cost savings
possible with this implementation.
These simplifications hinge on the use
of an efficient, low-drag motorgenerator, such as one recently
designed by MIT/LL for a spacecraft
application. The system also utilizes
low-drag high-speed bearings, such as
a magnetic bearing recently designed,
built and tested for the same program.
The costs for a flywheel system
with the capabilities enumerated above
were estimated for a PV residential application and were compared with costs
for a more conventional system containing batteries, inverter and maximum
power tracker. Two different scenarios
were considered: 1) present-day batteries and costs and present-day technologies and costs for flywheels with
production quantities assumed in both
cases, and 2) technologies and costs
extrapolated to the 1986 time frame
for both the flywheel and battery systems. In both scenarios it was found
that because of savings resulting
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Figure 1. Solar PV System Comparison
from multiple usage of the flywheel
components, such a system would be
economically competitive with the more
conventional approach utilizing storage
batteries, a separate inverter and a
maximum power tracker. The cost comparisons are given in Fig. 5.

usually requires a solar cell array, an
energy storage device, a maximum power
tracker, and a DC-AC conversion device.
This proposal is concerned with the
development of a flywheel system which
would perform all of these functions.
Such a device would have a DC
motor, an energy storage flywheel and
a 60-Hz AC generator. It would be
supported on magnetic bearings in a
vacuum housing which would do double
duty as safety containment for the
flywheel rotor. The motor-generator
would in fact be the same device with
separate input and output electronics.
The electronics are shown schematically
in Figures 2 and 3 and are very simple
and inexpensive due to the use of the
permanent magnet motor-generator
concept.

By combining these elements with
a power conditioning design developed
at MIT/LL and an improved rotor procured
from one of the contractors in DOE's
storage program, a subscale (approximately 1:10) model of a residential
solar photovoltaic flywheel energy
storage unit will be assembled. In
addition, scaling laws will be derived
for storage coupled to solar PV
systems in the power range 10 to 100
kW peak, and in the storage range 25
kWh to 5 Mwh. A detailed design of
a full-sized 10 kW/25 kWh singleresidence storage unit will be made
and analyzed for cost and worth to
the user. Similar but less detailed
analyses will be performed for a
100 kW/5M¥h load center storage unit.

All solar/electric power would go
through the DC motor to spin up the rotor. The motor would be a DC brushless,
ironless armature type design which
would be controlled as a maximum power
tracker for the solar array. This is
important because the varying electrical output of a solar array is generally mismatched to the characteristics

SYSTEM DESCRIPTION
A solar photovoltaic installation
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Pig. 2: Flywheel Power Conditioning Input Schematic

Fig. 3: Flywheel Power Conditioning Output Schematic
of the storage system and load,
causing inefficient operation. The
flywheel rotor could be an advanced
design of one (or more) of the types
presently being tested for DOE by a
number of organizations. 'The electrical output would be accomplished
with a permanent-magnet brushless
generator and a silicon controlled
rectifier (SCR) cycloconverter.
The generator would be sized to
accept the large surge demands of
many candidate loads.

reliability. Also, the higher speeds
possible with such an assembly
(perhaps 20 thousand rpm) will allow
smaller rotor size and enhance the
quality of available AC power. Mechanical touchdown bearings would be
for cold start/stop conditions. No
rotating seals would be required.
The vacuum chamber ensures a long
energy storage time (days or weeks) before aerodynamic losses become a problem. With bare-filament rotors, the
vacuum system will provide sufficient
safety confinement. If other designs
are enployed, the unit can be placed
underground to provide safety confinement. The system would be run over a
2:1 speed range with the output held at
60-Hz, generated independently or synchronized to an external line. This coresponds to a 75 percent depth of discharge for the energy storage function.

The entire rotating unit would
be supported on a DC magnetic bearing
or hybrid magnetic/ball bearing.
This can be powered from windings
on the motor, allowing fail-safe,
spin-down operation. The resulting
rotating unit would have no brushes
or physical contact with the rotor,
allowing very long life and high

459

with utility power drawn only when the
energy reverse in the flywheel is low.
It can be scaled up to larger sizes associated with multiple dwelling units
or commercial PV applications.

An attractive practical application for this device is to utilize
it with a PV-powered single-family
residence operating in either a standalone mode or coupled to a utility,

TASX 1

Build one 1/10 scale model lyitetn with a 1 kwh
purchased rotor optimized for PV storage.

Refine

scaling laws.
TASK 2

Design a residence-sized system and a 100-kH
load center system and analyze for cost and
worth to the user.

TASK 3

Build one full-scale, residence-sized system and
interface it to a solar array and residential
load.

Fig. 4: PV Flywheel Storage Component Project
Battery System

Flywhe el System
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law
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Fig. 5: Comparison of Prices
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Fig. 6: Comparison of Efficiencies of Flywheel Energy Storage and Conversion
System versus That of a Battery Inverter and Max Power Tracker System

460

Motor/generator
Rotor
Bonom bearing

MECHANICAL AND MAGNETIC ENERGY STORAGE
TECHNOLOGY MEETING
The Mimslyn Motor Inn
Luray, V i r g i n i a
October 24-26, 1978

Tuesday, October 24
Registration
Introduction

8:00-9:00 a.m.
9:00-9:30 a.m.

Session I: FLYWHEELS
9:00 a.m.-12:20 p.m.
Chairman - Thomas M. Barlow, Lawrence Livermore
Laboratory
9:30 a.m.

Electric and Hybrid vehicle Applications (EHV-MEST)
T. M. Barlow, Lawrence Livermore Laboratory

9:40 a.m.

The

t of Mechanical-Energy-Storage-Device
ageAddition on t h e Performance of E l ectr!
ctric vehicles

Robert F. McAlevy, I I I , Robert F. McAlevy & Assoc.
9:50 a.m.

Advanced Flywheel Energy Storage Unit for a High
Power Energy Source for Vehicular Use
Art E. Raynard, Garrett-AiResearch

10:20 a.m.

Regenerative Flywheel Energy Storage
rage System
Edward L. Lustenader,, General Electric
e c t r i Company

10:40 a.m.

BREAK

11:00 a.m.

low Cost Flywheel Demonstration
D . W.

11:20 a.m.

r s t , Johns Hopkins University

Materials Program for Fiber Composite Flywheels
James A. Rinde, Lawrence Livernore Laboratory

463

Session II: FLYWHEELS
1:45 p.m. - 3:00 p.m.
Chairman - Robert 0. Woods, Sandia Laboratories
1:45 p.m.
2:00 p.m.

Overview of Component Development
Robert O. woods, sandia Laboratories
Sandia Composite-Run Flywheel Development
£. David Reedy, sandia Laboratories

2:15 p.m.

Structural Modeling of a Thick-Rim Rotor
A. Keith Miller, sandia Laboratories

2:45 p.m.

Aerodynamic Heating of High-Speed Flywheels in
Low-Density Environments
Mel Baer, sandia Laboratories
Afternoon Free

5:30 p.m.

Reception

6:45 p.m.

Dinner
Biergy—rA Bark Service Perspective
R. William Hottmeyerr Shenandoan National Park
Session III: FLYWHEELS
8:15 p.m. - 10:00 p.m.
Chairman - Robert O. Woods, Sandia Laboratories

8:15 p.m.

The Application of Fluid Film Bearings and a
Passive Magnetic suspension to Energy storage
Flywheels
M. w. Eusepi, Mechanical Technology, Inc.

8:30 p.m.

Low-Loss Ball Bearings for Flywheel Applications
David B. Eisenhaure, Ttie cnarles stark Draper
Laboratories

8:45 p.m.

Seal Studies for Advanced Flywheel Systems
I. Anwar, The Franklin institute

9:00 p.m.

A Composite Flywheel for vehicle Use
Francis c. Younger, William H . urooecK & Assoc.
Progress in Composite Flywheel Development
P. ward Hill, Hercules, Inc.

9:15 p.m.
9:30 p.m.

Advance Composite Flywheel for Vehicle Application
Donald E. Davis, Rockwell international

9:45 p.m.

High-Energy-Density Flywheel
D. L. satchweii, Garrett-AiResearch
Adjourn

10:00 p.m.

464

Wednesday, October 25
8:00 a.m.

Registration
Session IV: SOLAR MECHANICAL
9:00 a.m. - 11:45 a.m.
Chairman - Henry H. Dodd, Sandia Laboratories

9:00 a.m.

Solar Mechanical Energy Storage Project
B. c. Caskey, Sandia Laboratories

9:30 a.m.

The Band Type Variable Inertia Flywheel and
Fixed Ratio Power Recirculation Applied to it
David G. Ullman, Union College

10:00 a.m.

Cellulosic Flywheels
Arthur G. Erdman, Univ. of Minnesota

10:15 a.m.

A Concept for Suppression of Nonsynchronous Whirl
"in" Flexible Flywheels
John M. Vance, Texas ASM University

10:30 a.m.

Break

Flywheel Energy Storage Systems
10:45 a.m.

Conceptual Design of a Flywheel Energy Storage
System
Francis C. Younger, William M. Brobeck & Assoc.

11:15 a.m.

Residential Flywheel with Turbine Supply
Theodore W. Place, Garrett-AiResearch

12:00 p.m.

Lunch

Session V: SUPERCONDUCTING MAGNETIC ENERGY STORAGE
1:15 p.m. - 3:15 p.m.
Chairman - John D. Rogers, Jr., Los Alamos Scientific
Laboratory
1:15 p.m.

Superconductive Diurnal Energy Storage Studies
R. W. Boom, Univ. ot Wisconsin

1:35 p.m.

Recent Component Development Studies for Superconductive Magnetic Energy storage
S. van Sciver, Univ. of Wisconsin

1:55 p.m.

Power System Stability Using Superconducting
"""Magnetic Energy Storage Dynamic Characteristics
of the BPA System
Lee Cresap, Bonneville Power Corporation

2:10 p.m.

Hybrid Computer Study of a SMES Unit for
Damping Power System Oscillations
Paul Krause, Purdue University

465

Superconducting Magnetic Energy Storage (Cont'd)
2:25 p.m.

Superconducting M&Ljnetic £fcergy Storage
John D. Rogers, Jr., Los Alamos Scientific Laboratory

3:00 p.m.

Superconducting Magnetic Energy Storage
for Power System Stability ApplicaEIons
Carl Chowaniec, Westinghouse Electric Corp.

7:00 p.m.

Dinner

Session VI: UNDERGROUND PUMPED HYDROELECTRIC STORAGE
8:30 p.m. - 10:00 p.m.
Chairman - George T. Kartsounes, Argonne National
Laboratory
8:30 p.m.

Underground Pumped Hydro Storage: An Overview
Shiu-Wing Tam, Argonne National Laboratory
George T. Kartsounes, Argonne National Laboratory

9:10 p.m.

Evaluation of One and Two Stage High Head
Pump/Turbine for underground Power Stations
John Degnan, Allis-Chalmers Corp.

9:40 p.m.

Multistage Turbine-Pump with Controlled Flow Rate
Alexander Goknman, Univ. of Miami

10:00 p.m.

Adjourn

Thursday, October 26
Session VII: COMPRESSED AIR ENERGY. STORAGE
9:00 a.m. - 11:40 a.m.
Chairman - Walter v. Loscutoff, Battelle Pacific
Northwest Laboratories
9:00 a.m.

CAES Program Overview
Walter V. Loscutoff, Battelle Pacific Northwest
Laboratories

9:15 a.m.

Fluid Flow and Thermal Analysis for CAES in.Porous
Rock Reservoirs
L. E. wiles, Battelle Pacific Northwest Laboratories

9:35 a.m.

Thermo Mechanical Stress Analysis of Porous Rock
Reservoirs
J. R. Friley, Battelle Pacific Northwest Laboratories

9:55 a.m.

Potential Air/Water/Rock Interactions in a Porous
Media CAES Reservoir
J. A. stottlemyre, Battelle Pacific Northwest
Laboratories
Break

10:15 a.m.

466

Compressed Air Energy Storage (Cont'd.)
10:30 a.m.

Preliminary Design and Stability Criteria for
CflES Hard Rock Caverns
P. F. Gnirk, RE/Spec inc.

10:50 a.m.

Preliminary Long-Terro Stability Criteria for
CAES Caverns in Salt Danes
R. L. Thorns, Louisiana State University

11:10 a.m.

Fabric Analysis of Rock Subjected to Cycling with
Heated, Compressed Air
H• J. Pincus, Univ. of Wisconsin

11:30 a.m.

Numerical Modeling of Behavior of Caverns in Salt
for CAES
S. Serata, Serata Geomechanics Inc.

11:50 a.m.

The Design Optimization of Aquifer Reservoir-Based
CAES
Friclerick W. Ahrens, Argonne National Laboratory

12:10 p.m.

Lunch
Session VIII: COMPRESSED AIR ENERGY STORAGE
1:00 p.m. - 2:50 p.m.
Chairman - Walter V. Loscutoff, Battelle Pacific
Northwest Laboratories

1:00 p.m.

Advanced CAES Systems Studies
Walter v. Loscutoff, Battelle Pacific Northwest
Laboratories
M. A. McKinnon, Battelle Pacific Northwest
Laboratories

1:20 p.m.

Solar Thermal Augmentation of CAES
Gerrard T. Fiynn, MIT

1:40 p.m.

Evaluation of TurboMachinery for Compressed
Air Energy storage Plants
George T. Kartsounes, Argonne National
Laboratory
Choong S. Kim, Argonne National Laboratory

2:00 p.m.

Evaluation of the Use of Reciprocating Engines
in Compressed Air Energy Storage Plants
George T. Kartsounes, Argonne National
Laboratory
James G. Daly, Argonne National Laboratory

2:40 p.m.

Concluding Remarks
Thomas M. Barlow

2:50 p.m.

Adjournment

467

FIRST ANNUAL
MECHANICAL AND MAGNETIC ENERGY STORAGE
TECHNOLOGY MEETING
The Mimslyn Inn
Luray, Virginia
October 24-26, 1978
Attendees List

ACKERMAN, Sam L.
Director, Magnet Systems
General Dynamics
P.O. Box 80847
San Diego, CA 92138

BARLOW, Thomas M.
Program Manager
Lawrence Liverrnore Laboratory
7000 East Avenue
Livermore, CA 94550

ADOLFSON, William F.
Senior Scientist
Booz, Allen & Hamilton, Inc.
4330 East-West Highway
Bethesda, MD 20014

BEACH, Raymond F.
Project Manager
NASA-Lewis Research Center
21000 Brookpark Road
Cleveland, OH 44135

AHRENS, F.
Mechanical Engineer
Argonne National Laboratory
9700 South Cass Avenue
Argonne,IL 60439

BEACHLEY, Norman
Professor
University of Wisconsin
1513 University Avenue
Madison, WI 53706

ALLEN,Bob
Battelle Pacific Northwest
Laboratories
c/o G.C. Chang
U.S. Department of Energy
600 E Street, NW, Room 416
Washington, D.C. 20545

Beck, Curt
Battelle Pacific Northwest
Laboratories
P.O. Box 999
Richmond, WA 99352

ANWAR, I.
Senior Staff Engineer
Franklin Institute 20th and Parkway
Philadelphia, PA 19119

BERMAN, Irwin
Principal Engineer
Commonwealth Edison Company
P.O. Box 767
Chicago, IL 60690
BERVIG, D.R.
Project Engineer
Black & Veatch
P.O. Box 8405
Kansas City, MO 64114

BAER, M.R.
Member, Technical Staff
Sandia Laboratories
Kirtland Air Force Base
Albuquerque, NM 87185
BAKER, Merl
Coordinator of Energy Conservation
Oak Ridge National Laboratory
BoxX
Oak Ridge, TN 37830

469

BLAY, Dominique
Engineer
French Atomic Energy Commission
c/o French Embassy
1730 Rhode Island Avenue, NW
Room 1217
Washington, D.C. 20036

CAMPBELL, James
Program Manager, Energy
Propulsion Technician
U.S. Department of Transportation
2100 Second Street, t '
Washington, D.C. 20590

BLOMQU1ST, Carl
Chemical Engineer
Argonne National Laboratory
9700 South Cass A'. rnue
Argonne, IL 60439
BLOOM, Harold L.
Project Engineer
Energy Systems Program Department
General Electric Company
Building 36, Room 421
Scheneetady, NY 12345
BOG ART, Locke
Planner, Technological Transfer
U.S. Department Of Energy
600 E Street, NW
Washington, D.C. 20545
BOOM, Roger
Professor of Nuclear and Metallic
Engineering

CASKEY, Bill C.
Staff Member
Sandia Laboratories
Division 5716
P.O. Box 580
Albuquerque, NM 87185
CHANG, George C.
Chief, APM Branch
Division of Energy Storage Systems
Office of Energy Technology
U.S. Department of Energy
600 E Street, NW
Washington, D.C. 20545

Engineering Experiment Station
University of Wisconsin - Madison
1500 Johnson Drive
Madison, WI 53706

CHARLWOOD, Robin
Acres American, Inc.
900 Liberty Bank Building
Buffalo, NY 14202

BORTZ, Susan E.
Consultant
Bradford National Corporation
1901 L Street, NVV #301
Washington, D.C. 20036

CHOWANIEC, Carl
Westinghouse Corporation
700 Braddock Avenue
Pittsburgh, PA 15112
CREAGAN, Robert J.
Director, Technical Assessment
Westinghouse Corporation
Gateway Center
Pittsburgh, PA 15222

BRAASCH, Richard H.
Division Supervisor
Sandia Laboratories
Division 4715
Albuquerque, NM 87185

CRESAP, Richard Lee
Analysis Engineer
Bonneville Power Administration
1002 Northeast Holladay
Portland, OR 97208

BRANDVOLD, Glen
Department Manager
Solar Energy Projects
Sandia Laboratories
Division 4716
Albuquerque, NM 87185
BROBECK, William M.
Cha'/man of the Board
William M. Brobeck & Associates
1235 Tenth Street
Berkeley, CA 94710
CALLAHAN, Gary D.
RE/SPEC, Inc.
P.O. Box 725
Rapid City, SD 57709

470

CROTHERS, William
Lawrence Livermore Laboratory
7000 East Avenue
Livermore, CA 94550
CUNDY, Thomas
Senior Mathematics Analyst
Serata Geomechanics
1229 8th Street
Berkeley, CA 94709

CAMPBELL, James
Program Manager, Energy
Propulsion Technician
U.S. Department of Transportation
2100 Second Street, SW
Washington, D.C. 20590

BLOMQUIST, Carl
Chemical Engineer
Argonne National Laboratory
9700 South Cass Avenue
Argonne, IL 60439
BLOOM, Harold L.
Project Engineer
Energy Systems Program Department
General Electric Company
Building 36, Room 421
Scheneetady, NY 12345
BOG ART, Locke
Planner, Technological Transfer
U.S. Department Of Energy
600 E Street, NW
Washington, D.C. 20545
BOOM, Roger
Professor of Nuclear and Metallic
Engineering
Engineering Experiment Station
University of Wisconsin - Madison
1500 Johnson Drive
Madison, WI 53706

CASKEY, Bill C.
Staff Member
Sandia Laboratories
Division 5716
P.O. Box 580
Albuquerque, NM 87185
CHANG, George C.
Chief, APM Branch
Division of Energy Storage Systems
Office of Energy Technology
U.S. Department of Energy
600 E Street, NW
Washington, D.C. 20545
CHARLWOOD, Robin
Acres American, Inc.
900 Liberty Bank Building
Buffalo, NY 14202
CHOWANIEC, Carl
Westinghouse Corporation
700 Braddock Avenue
Pittsburgh, PA 15112

BORTZ, Susan E.
Consultant
Bradford National Corporation
1901 L Street, NW #301
Washington, D.C. 20036

CREAGAN, Robert J.
Director, Technical Assessment
Westinghouse Corporation
Gateway Center
Pittsburgh, PA 15222

BRAASCH, Richard H.
Division Supervisor
Sandia Laboratories
Division 4715
Albuquerque, NM 87185

CRESAP, Richard Lee
Analysis Engineer
Bonneville Power Administration
1002 Northeast Holladay
Portland, OR 97208

BRANDVOLD, Glen
Department Manager
Solar Energy Projects
Sandia Laboratories
Division 4716
Albuquerque, NM 87185
BROBECK, William M.
Chairman of the Board
William M. Brobeck & Associates
1235 Tenth Street
Berkeley, CA 94710
CALLAHAN, Gary D.
RE/SPEC, Inc.
P.O. Box 725
Rapid City, SD 57709

470

CROTHERS, William
Lawrence Livermore Laboratory
7000 East Avenue
Livermore, CA 94550
CUNDY, Thomas
Senior Mathematics Analyst
Serata Geomechanics
1229 8th Street
Berkeley, CA 94709

DAVIS, Donald E.
Program Manager
Rocketdyne Division
Rockwell International
6633 Canoga Avenue
Canoga Park, CA 91304

EVANS, Harold E.
Branch Head
NASA/GSFC
Greenbelt, MD 20811

DEGNAN, John
Manager, Mechanical Developments
Allis Chalmers Hydro Turbine
Division
Box 712
York, PA X7405
DERBY, Roger
Program Manager
Division of Energy Storage Systems
Office of Energy Technology
U.S. Department of Energy
600 E Street, NW
Washington, D.C. 20545
DE VINEY, Glen
Section Engineer
Commonwealth Edison Company
P.O. Box 767
Chicago, IL 60690
DODD, Henry M.
Division Supervisor
Sandia Laboratories
Division 5743
P.O. Box 5800
Albuquerque, NM 87185

FARQUHAR, Oswald
Professor
University of Massachusetts
Department of Geology
Amherst, MA 01003
FAUCONNIER, Jean Claude
Engineer
French Atomic Energy
Commission
c/o French Embassy
1730 Rhode Island Avenue, NW
Room 1217
Washington, D.C. 20036
FLYNN, Gerald T.
Staff Engineer
Massachusetts Institute of
Technology
Lincoln Laboratory
Box 73
Lexington, MA 02173
FOSSUM, Arlo F.
RE/SPEC, Inc.
P.O. Box 725
Rapid, City, SD 57709
FRANK, Andrew
Professor
University of Wisconsin
Department of Electrical and
Computer Engineering
Madison, WI 53706

EISENHAURE, David
Charles Stark Draper Laboratory
Mail Station 37
555 Technology Square
Cambridge, MA 02139

FRIGO, Art
Mechanical Engineer
Argonne National Laboratory
9700 South Cass Avenue
Argonne, IL 60439

EMIGH, C. Robert
Associate Division Leader
Energy Technology
Las Alamos Scientific Laboratory
P.O. Box 1663
Los Alamos, NM 87545
ERDMAN, Arthur G.
Associate Professor
University of Minnesota
Mechanical Engineering Department
Minneapolis, MN 55455

FRILEY, John R.
Research Engineer
Battelle Pacific Northwest
Laboratories
P.O. Box 999
Richland, WA 99352
GAHIMER, John
Program Manager
Division of Energy Storage Systems
Office of Energy Technology
U.S. Department of Energy
600 E Street, NW
Washington, D.C. 20585

EUSEPI, Martin W.
Program Engineer
Mechanical Technology, Inc.
968 Albany-Shaker Road
Latham, NY 12110

471

GIRAMONTI, A.J.
Senior Engineer
United Technologies
Research Center
Silver Lane
East Hartford, CT 06108

HERBERMANN, Richard
Chief Engineer, Fusion Division
Grumman Aerospace Corporation
Mail Stop B-27-35
Bethpage, NY 11714
HILL, P. Ward
Superintendent, Advanced
Technology
Hercules Inc.
P.O. Box 210
Cumberland, MD 21502

GLASER, Dick
Kelsey Hayes
2500 Green Road
Ann Arbor, MI 48105
GNIRK, Paul F.
RE/SPEC, Inc.
P.O. Box 725
Rapid City, SD 57709
GOKHMAN, Alexander
Associate Professor
Department of Mechanical Engineering
University of Miami
Coral Gables, FL 33124
GRASSBERGER, Robert
Program Manager
BDM Corporation
2600 Yale, SE
Albuquerque, NM 87106

HOLLIDAY, Robert
Program Manager
Division of Energy Storage Systems
Office of Energy Technology
U.S. Department of Energy
600 E Street, NW
Washington, D.C. 20545
HOPPIE, Lyle O.
EATON-ERC
Box 766
Southfield, MI 48037
HURLEY, James D.
Project Development Manager
General Electric
Building 5, Room 425
Sehenectady, NY 12345

HAGEN, David
Research Associate
University of Minnesota
111 Church Street, SE
Minneapolis, MN 55455

JOKL, A.L.
Supervisor, Physical Scientist
MERADCOM
Attn: DRDME-EA
Fort Belvoir, VA 22060

HAMPSON, Chris
Senior Research Scientist
International Research and
Technology Corporation
7655 Old Springhouse Road
McLean, VA 22102

KAPNER, Mark
Engineer
Hittman Associates
9190 Redbranch Road
Columbia, MD 21045

HAYES, Edward
Vice President
Kelsey Hayes
38481 Hurron River Drive
Romulus, MI 48174
HECK, Francis M.
Manager, Systems Engineering
Westinghouse Electric Corporation
P.O. Box 10864
Pittsburgh, PA 15236

472

KARTSOUNES, George
Mechanical Engineer
Argonne National Laboratory
9700 South Cass Avenue
Argonne, IL 60439
KATZ, Donald
University of Michigan
2011 Washington Avenue
Ann Arbor, MI 48104

KOSTAL, Kenneth
Senior Project Engineer Associate
Sargent and Lundy
55 East Monroe
Chicago, IL 60525

MARSHALL, H.K.
President
Kinergy Research & Development
P.O. Box 1128
Wake Forest, NC 27587

KRAUSE, Paul
Electrical Engineering
Department
Purdue University
West Lafayette, IN 47907

MILLER, A. Keith
Member, Technical Staff
Sandia Laboratories
Division 5521
Albuquerque, NM 87185

KULKARN1, S.V.
Lawrence Livermore Laboratory
P.O. Box 808, L-338
Livermore, CA 94550

MILNER, Alan
Staff Member
Massachusetts Institute
of Technology
Lincoln Laboratory
P.O. Box 73
Lexington, MA 02173

LARRECQ, A.J.
President
Power Generators, Inc.
94 Stokes Avenue
Trenton, NJ 08638
LEMMENS, Joseph R.
Kinergy Research & Development
P.O. Box 1128
Wake Forest, NC 27587

MC ALEVY, Roberty F. Ill
Senior Associate
Robert F. McAlevy III &
Associates
1204 Bloomfield Street
Hoboken, NJ 07030
MC COY, H. E.
Oak Ridge National Laboratory
132 Balboa Circle
Oak Ridge, TN 37830

LOSCUTOFF, W.V.
Project Manager
Battelle Pacific Northwest
Laboratories
P.O. Box 999
Richland, WA 99352

MC DONALD, Alan T.
Professor
School of Mechanical Engineering
Purdue University
West Lafayette, IN 47907

LUSTENADER, E.L.
Manager
General Electric Company
1 River Road
Sehenectady, NY 12345

MC SPADDEN, William R.
Senior Research Engineer
Battelle Pacific Northwest
Laboratory
P.O. Box 999
Richland, WA 99352

MAILLOT, Bernard
Engineer
French Atomic Energy
Commission
c/o French Embassy
1730 Rhode Island Avenue, NW
Room 1217
Washington, D.C. 20036

NASH-WEBBER, James L.
Facilities Project Manager
Massachusetts Institute of Technology
Energy Laboratory
P.O. Box 69
Cambridge, MA 02139

MANAKER, Arnold M.
Mechanical Engineer
Tennessee Valley Authority
1360 Commerce Union Bank
Building
Chattanooga, TN 37401

NEWHOUSE, Norman L.
Design Engineer
Brunswick Corporation
4300 Industrial Avenue
Lincoln, NE 68504

473

PINCUS, Howard J.
Professor
Department of Geological
Sciences
University of Wisconsin Milwaukee
Milwaukee, WI 53201

NICOL, James
Vice President
A.D. Little
Acorn Park
Cambridge, MA 02140
NORMAN, Thomas A.
Program Engineer
U.S. Postal Service
11711 Parklawn Drive
Rockville, MD 20852
OMOHUNDRO, Laura L.
Vice President
Kinergy Research & Development
P.O. Box 1128
Wake Forest, NC 27587
PARADIS, L.R., Jr.
Principal Engineer
Raytheon Company
Hartwell Road
Bedford, MA 01730

PLACE, Theodore W.
Project Engineer
Garrett AiResearch Corporation
2525 West 190th Street
Torrance, CA 90505
POST, Dave
Union Carbide Corporation
Y-12 Plant
Oak Ridge, TN 37830
RABENHORST, David W.
Flywheels Program Manager
Applied Physics Laboratory
John Hopkins University
Johns Hopkins Road
Laurel, MD 20810

PARSONS, Lawrence F.
Civil Engineer
Department of the Interior
Bureau of Reclamation
Washington, D.C. 20240

RAYNARD, Arthur E.
Senior Project Engineer
Garrett AiResearch Corporation
2525 West 190th Street
Torrance, CA 90505

PATRICK, A.J.
Manager, Energy Development
Avco Systems Division
201 Lowell Street
Wilmington, MA 01887

REDDICK, William C.
Scientific Advisor
U.S. Department Of Energy
20 Massachusetts Avenue, NW
Washington, D.C. 20545

PAX, Charles
U.S. Department of Energy
20 Massachusetts Avenue
Washington, D.C. 20545

REEDY, E. David, Jr.
Member, Technical Staff
Sandia Laboratories
Division 5844
KAFB East
Albuquerque, NM 87185

PERRAM, Robert
Program Manager
Aerospace Corporation
20030 Century Boulevard
Germantown, MD 20767

RINDE, J.A.
Chemist
Lawrence Livermore Laboratory
P.O. Box 808 L-338
Livermore, CA 94550

PEZDIRTZ, George F.
Director, Division of
Energy Storage Systems
Office of Energy Technology
U.S. Department of Energy
600 E Street, NW
Washington, D.C. 20545

ROGERS, John D.
Los Alamos Scientific Laboratory
Org. CTR-9, Mail 464
Los Alamos, NM 87545

474

NICOL, James
Vice President
A.D. Little
Acorn Park
Cambridge, MA 02140

PINCUS, Howard J.
Professor
Department of Geological
Sciences
University of Wisconsin Milwaukee
Milwaukee, WI 53201

NORMAN, Thomas A.
Program Engineer
U.S. Postal Service
11711 Parklawn Drive
Rockville, MD 20852
OMOHUNDRO, Laura L.
Vice President
Kinergy Research & Development
P.O. Box 1128
Wake Forest, NC 27587
PARADIS, L.R., Jr.
Principal Engineer
Raytheon Company
Hartwell Road
Bedford, MA 01730

PLACE, Theodore W.
Project Engineer
Garrett AiResearch Corporation
2525 West 190th Street
Torrance, CA 90505
POST, Dave
Union Carbide Corporation
Y-12 Plant
Oak Ridge, TN 37830
RABENHORST, David W.
Flywheels Program Manager
Apr lied Physics Laboratory
John Hopkins University
Johns Hopkins Road
Laurel, MD 20810

PARSONS, Lawrence F.
Civil Engineer
Department of the Interior
Bureau of Reclamation
Washington, D.C. 20240

RAYNARD, Arthur E.
Senior Project Engineer
Garrett AiResearch Corporation
2525 West 190th Street
Torrance, CA 90505

PATRICK, A.J.
Manager, Energy Development
Avco Systems Division
201 Lowell Street
Wilmington, MA 01887

REDDICK, William C.
Scientific Advisor
U.S. Department Of Energy
20 Massachusetts Avenue, NW
Washington, D.C. 20545

PAX, Charles
U.S. Department of Energy
20 Massachusetts Avenue
Washington, D.C. 20545

REEDY, E. David, Jr.
Member, Technical Staff
Sandi£ Laboratories
Division 5844
KAFB East
Albuquerque, NM 87185

PERRAM, Robert
Program Manager
Aerospace Corporation
20030 Century Boulevard
Germantown, MD 20767

RINDE, J.A.
Chemist
Lawrence Livermore Laboratory
P.O. Box 808 L-338
Livermore, CA 94550

PEZDIRTZ, George F.
Director, Division of
Energy Storage Systems
Office of Energy Technology
U.S. Department of Energy
600 E Street, NW
Washington, D.C. 20545

ROGERS, John D.
Los Alamos Scientific Laboratory
Org. CTR-9, Mail 464
Los Alamos, NM 87545

474

ROSE, Shelley
Secretary
Lawrence Livermore Laboratory
7000 East Avenue
Livermore, CA 94550

SMITH, B.B.
Union Carbide Corporation
Y-12 Plant
Oak Ridge, TN 37830
SPISAK, A.J.
Manager, Advanced Program
Westinghouse Corporation
700 Braddock Avenue
Pittsburgh, PA 15112

ROSNER, Carl
Inter-Magnetics General
Corporation
P.O. Box 566
Guilderland, NV 12084

STILLER, Paul
Research Project Engineer
Westinghouse Corporation*
700 Braddock Avenue
Pittsburgh, PA 15112

SAPOWITH, Alan D.
Section Chief
Avco Systems Division
201 Lowell Street
Wilmington, MA 01887
SATCHWELL, David L.
Senior Development Engineer
Garrett AiResearch Corporation
2525 West 190th Street
Torrance, CA 90505

STONE, Richard G.
Associate Department Head
Lawrence Livermore Laboratory
P.O. Box 808-L-123
Livermore, CA 94550
STOTTLEMYRE, Jim
Research Scientist
Battelle Pacific Northwest
Laboratories
P.O. Box 999
Richland, WA 99352

SCHILDKNECHT, Harold
Member, Technical Staff
Sandia Laboratories
Org. 2324
KAFB East
Albuquerque, NM 87185

SULLIVAN, Cornelius M.
Staff Member
Massachusetts Institute of
Technology
Lincoln Laboratory
Building D-250
P.O. Box 73
Lexington, MA 02173

SCHLIEBEN, Ernest W.
President
Von Research
40 West Lafayette Street
Trenton, NJ 08608
SCHMIDT, Franklin R.
Consultant
Bradford National Corporation
#2 Research Place
Rockville, MD 20850

SURABIAN, Greg
Consultant
Bradford National Corporation
1901 L Street NW, #301
Washington, D.C. 20036

SCHWARTZ Martin W.
Engineer
Lawrence Livermore Lrboratory
P.O. Box 808
Livermore, CA 94550

SWISHER, James H.
Assistant Director for
Physical Storage Systems
Division of Energy Storage Systems
Office of Energy Technology
U.S. Department of Energy
600 E Street, NW
Washington, D.C. 20545

SERATA, Shosei
President
Serata Geomechanics
1229 8th Street
Berkeley, CA 94709

TAM, S.W.
Assistant Metallurgical Engineer
Argonne National Laboratory
9700 South Cass Avenue
Argonne, IL 60439

475

THOMPSON, Jane
Consultant
Bradford National Corporation
#2 Research Place
Rockville, MD 20850

W EINSTEIN, Kenneth D.
Booz, Allen & Hamilton, Inc.
Energy & Environment Division
4330 East-West Highway
Bethesda, MD 20014

THOMPSON, Philip
Program Manager
Division of Energy Storage Systems
Office of Energy Technology
U.S. Department of Energy
600 E Street, NW
Washington, D.C. 20545

WEISS, Joel A.
Physicist
Office of Solar Programs
U.S. Department of Energy
600 E Street, NW
Washington, D.C. 20545

THOMS, Robert L.
Louisiana State University
Institute for
Environmental Studies
Baton Rouge, LA 70803

WHITCOMB, Mike
Engineer
Hittman Associates
9190 Redbraneh Road
Columbia, MD 21405

ULLMAN, David
Assistant Professor
Department of Mechanical Engineering
Union College
Schenectady, NY 12308

WHITMAN, Howard
Charles Stark Draper Laboratory
555 Technology Square
Cambridge, MA 02139

UPTON, Joseph W.
Senior Research Scientist
Battelle Pacific Northwest
Laboratories
Box 999
Richland, VVA 99352

WILES, Larry
Development Engineer
Battelle Pacific Northwest
Laboratories
P.O. Box 999
Richland, WA 99352
WILKINSON, John P.D.
Manager, Solid Mechanical Unit
General Electric Company
P.O. Box 43
Schenectady, NY 12301

VAN SCIVER, S.W.
Scientist
University of Wisconsin
1500 Johnson Drive
Madison, Wl 53711

WILLETT, David C.
Vice President
Acres American, Inc.
900 Liberty Bank Building
Buffalo, NY 14202

VAN ZANTEN, M.
M. sc
Netherlands Energy
Research Foundation
Westerduinweg 3
Petten, Netherlands 1755 LE

WILLIAMS, John R.
Geotechnical Engineer
Dames & Moore
4 Militia Drive
Lexington, MA 02173

VANCE, John M.
Associate Professor
Texas A & M
Mechanical Engineering
College Station, TX 77843

WISSING, Thomas J.
Administrator, Government
Research and Development
Eaton Corporation
P.O. Box 766
Southfield, MI 48037

VERGARA, Rudolfo D.
Research Scientist
Battelle Columbus Laboratories
505 King Avenue
Columbus, OH 43201

476

KOSTAL, Kenneth
Senior Project Engineer Associate
Sargent and Lundy
55 East Monroe
Chicago, IL 60525

MARSHALL, H.K.
President
Kinergy Research & Development
P.O. Box 1128
Wake Forest, NC 27587

KRAUSE, Paul
Electrical Engineering
Department
Purdue University
West Lafayette, IN 47907

MILLER, A. Keith
Member, Technical Staff
Sandia Laboratories
Division 5521
Albuquerque, NM 87185

KULKARNI, S.V.
Lawrence Livermore Laboratory
P.O. Box 808, L-338
Livermore, CA 94550

MILNER, Alan
Staff Member
Massachusetts Institute
of Technology
Lincoln Laboratory
P.O. Box 73
Lexington, MA 02173

LARRECQ, A.J.
President
Power Generators, Inc.
94 Stokes Avenue
Trenton, NJ 08638
LEMMENS, Joseph R.
Kinergy Research 6c Development
P.O. Box 1128
Wake Forest, NC 27587
LOSCUTOFF, W.V.
Project Manager
Battelle Pacific Northwest
Laboratories
P.O. Box 999
Richland, WA 99352

MC ALEVY, Roberty F. Ill
Senior Associate
Robert F. McAlevy III &
Associates
1204 Bloomfield Street
Hoboken, NJ 07030
MC COY, H. E.
Oak Ridge National Laboratory
132 Balboa Circle
Oak Ridge, TN 37830
MC DONALD, Alan T.
Professor
School of Mechanical Engineering
Purdue University
West Lafayette, IN 47907

LUSTENADER, E.L.
Manager
General Electric Company
1 River Road
Sehenectady, NY 12345

MC SPADDEN, William R.
Senior Research Engineer
Battelle Pacific Northwest
Laboratory
P.O. Box 999
Riehland, WA 99352

MAILLOT, Bernard
Engineer
French Atomic Energy
Commission
c/o French Embassy
1730 Rhode Island Avenue, NW
Room 1217
Washington, D.C. 20036

NASH-WEBBER, James L.
Facilities Project Manager
Massachusetts Institute of Technology
Energy Laboratory
P.O. Box 69
Cambridge, MA 02139

MANAKER, Arnold M.
Mechanical Engineer
Tennessee Valley Authority
1360 Commerce Union Bank
Building
Chattanooga, TN 37401

NEWHOUSE, Norman L.
Design Engineer
Brunswick Corporation
4300 Industrial Avenue
Lincoln, NE 68504

473

ROSE, Shelley
Secretary
Lawrence Livermore Laboratory
7000 East Avenue
Livermore, CA 94550

SMITH, B.B.
Union Carbide Corporation
Y-12 Plant
Oak Ridge, TN 37830
SPISAK, A.J.
Manager, Advanced Program
Westinghouse Corporation
700 Braddock Avenue
Pittsburgh, PA 15112

ROSNER, Carl
Inter-Magnetics General
Corporation
P.O. Box 566
Guilderland, NY 12084

STILLER, Paul
Research Project Engineer
Westinghouse Corporation1
700 Braddock Avenue
Pittsburgh, PA 15112

SAPOWITH, Alan D.
Section Chief
Avco Systems Division
201 Lowell Street
Wilmington, MA 01887
SATCHWELL, David L.
Senior Development Engineer
Garrett AiResearch Corporation
2525 West 190th Street
Torrance, CA 90505

STONE, Richard G.
Associate Department Head
Lawrence Livermore Laboratory
P.O. Box 808-L-123
Livermore, CA 94550
STOTTLEMYRE, Jim
Research Scientist
Battelle Pacific Northwest
Laboratories
P.O. Box 999
Riehland, WA 99352

SCHILDKNECHT, Harold
Member, Technical Staff
Sandia Laboratories
Org. 2324
KAFB East
Albuquerque, NM 87185

SULLIVAN, Cornelius M.
Staff Member
Massachusetts Institute of
Technology
Lincoln Laboratory
Building D-250
P.O. Box 73
Lexington, MA 02173

SCHLIEBEN, Ernest W.
President
Von Research
40 West Lafayette Street
Trenton, NJ 08608
SCHMIDT, Franklin R.
Consultant
Bradford National Corporation
#2 Research Place
Rockville, MD 20850

SURABIAN, Greg
Consultant
Bradford National Corporation
1901 L Street NW, #301
Washington, D.C. 20036

SCHWARTZ Martin W.
Engineer
Lawrence Livermore Laboratory
P.O. Box 808
Livermore, CA 94550

SWISHER, James H.
Assistant Director for
Physical Storage Systems
Division of Energy Storage Systems
Office of Energy Technology
U.S. Department of Energy
600 E Street, NW
Washington, D.C. 20545

SERATA, Shosei
President
Serata Geomechanics
1229 8th Street
Berkeley, CA 94709

TAM, S.W.
Assistant Meialurgical Engineer
Argonne National Laboratory
9700 South Cass Avenue
Argonne, IL 60439

475

WOODS, R.O.
Member, Technical Staff
Sandia Laboratories
Division 4715
Albuquerque, NM 87185
YONK, Alan K.
Senior Geologist
Sargent and Lundy
55 East Monroe Street
Chicago, IL 60603
YOUNGER, Francis C.
President
William M. Brobeck & Associates
1235 10th Street
Berkeley, CA 94710

477

•n. n a n nanm era •

