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STANDARDS FOR SUPERCONDUCTORS 

F. R. Fickett and A. F. Clark 
Thermophysical Properties Division 

National Bureau of Standards 
Boulder, Colorado 80303 

ABSTRACT. 

This report describes the present state of the superconductor standards program and in­
cludes a brief historical introduction. The need for standards in this area is described with 
particular attention paid to the need for consensus among all interested parties and our tech­
niques for achieving it. Early results from the experimental research projects are presented 
and the scope of the entire program is outlined. 

INTRODUCTION 

The superconductor standards program is a .cooperative effort funded by: NBS, four divi­
sions of DOE (Energy Storage, Fusion Energy, High Energy Physics, and Magnetohydrodynamics 
through the Francis Bitter National Magnet Laboratory), and the Air Force Aeropropulsion Lab­
oratory. The goal of the program is to arrive at a set of voluntary standards for modern prac­
tical superconductors that will be acceptable to both manufacturers and users. The need for 
such a set of standards increases as more and more large superconducting magnet systems are 
designed and constructed. · 

The basis for the program was set several years ago at meetings called by NBS at The ASM 
Conference on the ManufaCture of Superconducting Materials and the Applied Superconductivity 
Conference, 1976. The manufacturers, users, and researchers present all made extensive sugges­
tions as to how the work should proceed. In the years that ·followed a small program was ini­
tiated, with NBS funding, to make a more formal survey of the needs and desires of the research 
community. From this study and several related meetings, the following conclusions were drawn: 

For all concerned, standards were both necessary and desirable. 

The small size and financial position of the wire manufacturing indust.r.,y , 
(and its competitive nature) precluded industrial developments of standards in a 
reasonable period of time. 

The NBS Cryogenics Div.ision (now Thermophysical Properties Division) was an "unbiased 
third party" with the charter, the desire, and the expertise to carry out a supercon­
ductor standards program of a suff1c1ent size that significant progress could be made 
in a time span of several years. 

The problem; as always, was funding. 

Fortunately, there· appeared to be agreement with our conclusions among a variety of agen­
cies, and cooperative funding of the program as described above was arranged. The full project 
started in mid-FY 79. 

The development and promulgation of standards can be a very sensitive issue, for sound 
financial reasons. Because of this, our program relies heavily on continuing interactions 
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between all interested parties to assure that, as far as possible, a consensus will be devel­
oped on any proposed standard. To this end a portion of the funding is subcontracted to each 
of t~e U.S. wire manufacturers to promote development of their research capability, to provide 
us w1th needed data, and to provide a source of funding for their participation in work associ­
ated·with test development. Furthermore, a new ASTM subcommittee on superconductors (ASTM 
Bl .08) was formed earlier this year with excellent participation from manufacturers, funding 
agencies, and the national laboratories. The first formal report of the various task groups 
will be presented at the International Cryogenic Materials Conference in late August. Minutes 
of the organizational meeting are available from the authors. 

The term Standards as used here.may indicate any or all of four quite different aspects 
of standardization: 

1. Unambiguous definition of terminology, 
2. Detailed description of measurement technique, 
3. Development of common experimental apparatus, 
4. Preparation and characterization of reference materials. 

The role of each of these aspects in our program is described in the following sections, where 
mor~ .specific examples· are discussed. 

' DEFINITION OF TERMS 

It was decided early that the first step in any standards program should be the develop­
ment of a uniform terminology. To this end an extensive review. of existing terminology was 
made and several review iterations were performed ·involving more than 50 reviewers both in 
this country and abroad. The result was four papers containing proposed definitions, three of 
which have now been published in the open liter9fvre. They deal respectively with: 

1. Fundamental states 9nd flux phenomenat J 
2. Critical parameterst2) · · 
3. Fabrication, stabilj!~tion and transient losses(3). 
·4. Josephson phenomena~ J • · 

The ASTM committee described above is now reviewing some of the terms and each of the published 
papers solicits responses from the readers. Ultimately all definitions will be collected in a 
NBS document .that will serve as the guide for their application . 

. . • 
A specific example of problems created by ambiguous definitions is illustrated in Fig. 1 

which shows the effect(gf stress on the critical current of a commercial high field supercon­
ductor measured at NBS J. The separate curves indicate the critical current behavior one 
observes using the .indicated criterion or definition for critical current. NQte that not only 
the magnitude, but also the shape of the curve is affected. All of the definitions shown have 
been used. Our studies have led us to conclude that the use of either the electric field 
criterion or the resistivitY criterion will provide a maximum of information with minimum 
effort. · 

MEASUREMENT TECHNIQUES 

The measurement of critical parameters of superconductors (current, field, and tempera­
ture) as well as other phenomena of importance in applications (ac losses, effects of stress 
and fatigue, etc.) requ.ire complex apparatus that usually must be constructed by the experi­
menter. In such measurements it is not uncommon for the results from different laboratories 
to be quite different even though everyone agrees on the definitions of the appropriate terms 
and similar apparatus is used. One· solution to this problem is the use of a very detailed and 
reproducible ·experimental technique that has been developed from extensive experimentation. 
This type of development is one of the strong thrusts of our program. 

To again use our experimental critical current investigation as an example, consider 
Fig. 2, which shows the effect of the use of grease as a means Qf holding the test specimen in 
a "conventional" hairpin test rig machined from linen phenolic{6). Clearly, this apparently 
rather innocuous (and common) laooratory technique greatly influences the result. 

In support of the program segment on standard measurement techniques, we are now surveying 
all of the laboratories that make these measurements routinely to determine the details of 
their technique and apparatus. We intend to publish the results as a NBS report if the infor­
mation developed appears·to be of sufficiently wide interest. A similar survey of techniques 
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used in Japan, a leader in new materials technology, has been prepared by a guest worker on 
the program (Dr. Genshiro Fujii of the Institute for Solid State Physics, University of Tokyo) 
and will be published later this year. 

APPARATUS DEVELOPMENT 

It is often desirable to have a standard apparatus design available for a given test. 
Frequently the technique and apparatus descriptions are a single document (e.g. ASTM Standards). 
Care is needed in the design phase to insure that the device is suited to all potential users 
and that a given measurement can be completed in a reasonable time. Our first design in this 
category is for a critical current apparatus and work has just started. The final design will 
be subjected to a detailed evaluation bY interested parties. If possible, apparatus will then 
be sent to various laboratories for field trials of the design. 

Another aspect of apparatus development occurs in the situation where widely different 
techniques are used to measure what is ostensibly-the same quantity. Determining the causes 
of disagreement among the techniques can be a very difficult task. A specific example is 
provided by the ac loss phenomena in superconductors. The losses may be determined by a 
calorimeter, a wattmeter, or a flux integration technique. All of these measurements are 
difficult and agreement between any two is rare; among three it is essentially nonexistent. 
One of our experimental projects has started to research the proble~7~nd preliminary experi7 
mental data are shown in Fig. 3 from one of our latest publications\ J. These results are 
very encouraging, but much work remains to be done before we understand all of the parameters. 

A similar project is also underway at NBS {Gaithersburg) to compare several techniques 
commercially used for the measurement of critical temperature. 

REFERENCE MATERIALS 

Evaluation of apparatus and test techniques employed at different locations is greatly 
simplified by the use of standard reference materials. In the case of testing of practical 
superconductors, such materials are nearly essential. The acquisition and characterization of 
superconductors representing a range of properties is an important part of the program plan, 
but one that will be pursued later in the program. An informal inventory of available mater­
ials at various manufacturers has been made as a first step. 

CONCLUSlONS 

All aspects of the superconductor standards program are progressing well in spite of a 
rather late start this year. The experimental projects at NBS are already producing useful 
data and our subcontractors are well along at setting up their respective experiments. The 
response of the users and suppliers to our efforts at involving them in all aspects of the 
program has been gratifying. In FY 80 we anticipate much greater visibility for the program 
as more experimental results become available and our activities in definitions and apparatus 
standardization receive further distribution. 
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PROJECT SUMMARY 

Project Title: Superconducting Magnetic Energy Storage (SMES) 

Principal Investigator: John D. Rogers 

Organization: University of California 

Project Goals: 

Project Status: 

Contract Number: 

Contract Period: 

Funding Level:. 

Funding Source: 

Los Alamos Scientific Laboratory 
Los ·Alamos, NM 87545 
(505) 667-5427; FTS 843-5427 

T~e goals of the SMES program are two-fold~ ·These are to design, 
fabricate, and place into operation a 30-MJ, 10-MW SMES unit for 
electric utility transmission line stabilization on the Bonneville 
Power Administration (BPA) system by 1982-83. The second goal is to 
·design and have constructed a 10-to-50-MWh SMES unit. This unit will 
be for a completely detailed engineering prototype demonstration of 
an electric utility diurnal load-leveling system. 

The engineering design of the BPA SMES transmission line stabiliza­
tion system is in an advanced state. Many large hardware items are 
determined and on order. The refrigerator has passed the acceptance 
test. It is being installed in a trailer obtained for this purpose. 

· The superconducting wire for the 30-~1J coil has been obtained. A 
contract was placed with General Atomic Co. for design of the ,30-MJ 
coil. The design is about 80% complete. Lengths of 5-kA cable have 
been received and tested. Additional cable development is necessary. 
The converter has been ordered and all components for the protective 
energy dump circuit have been received. Surplus high-pressure 
gas-recovery compressors have been obtained and are to be trailer 
mounted. Similarly~ an evaporative cooler has.been obtained and 
will be trailer mounted fo.r a beat.;rejection unit. Detailed 
controls design and operating logic are being addressed for remote 
microwave-link operation of the SMES unit in the BPA system. An 
RFQ has been issued for the power transformer. 

The reference design for a 1-GWh diurnal load-leveling SMES unit 
was completed. The costs extrapolated to a 10-GWh unit were 
determined to be $77 to $111/kWh. Recommendations, based on the 
study, are made for extending the.large SMES unit work. 

W-7405-ENG-36 

~qntinuing 

$1,385,000 FY79 

Department of Energy, Division of Energy Storage Systems and 
Division· of Electrical Energy Systems. . 
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THE STABILIZATION UNIT FOR BONNEVILLE POWER ADMINISTRATION 

R. I. Schermer 
Los Alamos Scientific Laboratory of the 

University of California 
Los Alamos, New Mexico 87545 

ABSTRACT 

The Bonneville Power Administration operates the transmission system that joins the 
Pacific Northwest and southern· California. A 30-MJ (8.4 kWh) Superconductjng Magnet Energy 
Storage (SMES) unit with a 10-MW converter can provide system damping for low frequency 
oscillations. The unit is scheduled to operate in 1982. Progress during FY 79 is de­
scribed, including the details of mechanical and electrical testing of prototype conductors 
and the design, specification, and procurement activities for the energy storage coil, non­
conducting dewar, electrical system and cryogenic system .. 

INTRODUCTION AND SUMMARY 

The Pacific Northwest and southern California are part of the Western US Power System 
and are connected by two 500-kV, ac-power transmission lines, collectively referred to as 
the Pacific AC Intertie, and one + 400-kV de-transmission line, the Pacific HVDC Intertie. 
The two ac lines have a thermal rating of 3500 MW, and the de line has a rating of 1440 MW. 

The stability of the Western Power System is affected by relative weakness of the tie 
provided by the 905-mile-long Pacific AC Intertie. In fact, studies made before energiza­
tion of the Pacific AC Intertie showed that negatively damped oscillations with a frequency 
of about 20 cpm were likely to occur. In 1974 negatively damped oscillations with a fre­
quency of 21 cpm (0.35 Hz) were observed. The peak-to-peak oscillation on the Pacific AC 
Intertie was about 300 MW. Subsequent to these instabilities, the Bonneville Power Adminis­
tration (BPA) installed equipment to modulate the power flow on the HVDC Intertie as a means 
of damping the oscillations. The maximum possible power modulation on the HVDC Intertie is 
40 MW, about 3 percent of the HVDC power rating. The modulation of the HVDC Intertie has 
increased the stability limit of the Pacific AC Intertie from about 2100 MW to 2500 MW when­
ever the HVDC Intertie is operating. However, the HVDC Intertie does not operate contin­
uously. The line availability is 89.5%, and the southern terminal was down for six months 
as a result of earthquake damage. A back up stabilizing system could be used. Late in 
1975, representatives of BPA and the Los Alamos Scientific Laboratory (LASL) developed the 
concept of installing a small SMES unit for the purpose of providing system damping similar 
to that now available through modulation of the Pacific HVDC Intertie. The design param­
eters of the unit to be installed at the Fite Substation near Tacoma are summarized in Table 
1. 
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TABLE 1. Design Parameters of a 30-MJ System Stabilizing SMES Unit 

Maximum power capability, MW 
Operating frequency, Hz 
Energy interchange, MJ 
Maximum stored energy, MJ 
Coil current at full charge, kA 
Maximum coil terminal· voltage, kV 
Coil operating temperature, K 
Coil lifetime, cycles 
Heat load at 4.5 K, W 
Coil diameter, m 

10 
0.35 
9. 1 

30.0 
5 

2.18 
4.5 
>107 

<150 
3.0 
. 1, 2 

Several technical descriptions of the project have appeared prev1ously, and should 
be consulted for details. This report will concentrate principally on the work done in FY 
79 and on the current status of hardware procurement. 

Figure 1 is a schematic that shows the main components of a SMES system. The coil will 
be immersion cooled in liquid helium at 4.5 K and will have an open wound construction very 
similar to that employed in existing coils. The unusual features of the coil are the very 
low heat generation allowed, despite the unusually short cycle time, and the very large num­
ber of operating cycles ex~ected over its life. The conductor originally proposed for this 
application is a modification of the conductor used by Westinghouse in a pulsed supercon­
ducting coil constructed for the Controlled Thermonuclear Reactor development program at 
LASL. The superconducting wire has been obtained and tested. The coil designer, General 
Atomic,~ has recently proposed a pancake coil design rather similar to that used in a number 
of successful bubble chambers. 

Most of the other components of the unit are well within the state of the art. The 
converter, a scaled-down version of the thyristor units now used on high-voltage 
de-transmission lines, is under construction. The control system for regulating the power 
flow between the ac system and the SMES system has been developed and demonstrated in the 
laboratory. The refrigerator is a standard unit and is under test. The dewar, similar to 
one that has operated successfully for a period of several years, must be made of a noncon­
ductive material such as epoxy fiber glass to avoid eddy current heating as the coil is 
charged and discharged. 

The only items on the critical path are the coil and conductor. Final verification 
testing of the conductor is preceeding in parallel with engineering design of the coil. 
Coil construction is scheduled to start 1/80 and to be completed in 18 months. Converter 
delivery is now scheduled for 12/79, largely because of modifications for the energy dump 
circuit; refrigerator acceptance testing has been delayed four months to 9/79. There is 
sufficient time to check the electrical and cryogenic system at LASL before the coil is man­
ufactured. 

SITE SELECTION 

The SMES unit will be located at the Fite Substation of the BPA transmission system, 
which is situated in an industrial area several miles east of Tacoma, WA. A small masonary 
building on the site was originally proposed to house the system, but after an inspection by 
a team from LASL and BPA, it was decided that a flat area, 300 ft x 300 ft, in the center of 
the substation will be much more suitable. The site should avoid complaints about noise, 
esthetics, or magnetic_ field affects. A liquit-nitrogen supplier is located within a few 
miles. The site has limited water, so that a closed-loqp system must be used to supply 
cooling water for the refrigerator components. 
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Fig. 1. Components of a Superconducting Magnetic Energy Storage System 

The only problem with the substation is that it is manned only 4 hours per day. This 
has led to an unanticipated requirement for automated control of the entire system, which 
will increase the hardware cost of the system by roughly $250,000. Ther~ are no sites 
available, however, at stations which are manned around the clock. BPA has argued, in addi­
tion, that any SMES system which operates commercially will certainly need a high degree of 
automation, and that there is no. reason not to solve the problem at this time. 

A draft memorandum of understanding (MOU) has been circulated among the BPA and LASL 
staffs. The MOU gives the responsibilities of both parties in the installation and oper­
ation of the equipment. 

CONDUCTOR DEVELOPMENT 

The cable design for the 30-MJ coil, as shown in Fig. 2, has been modified somewhat 
from that described in previous presentations 1 '

2 as a result of the on-going program of ac 
loss tests, stability tests, mechanical tests, and detailed engineering discussions held 
with the coil designer, General Atomic. Geometric specifications for the various elements 
are given in Table 2. The first subcable consists of a superconducting component core, 
around which are cabled ·six strands of oxygen-free copper that acts as a stabilizer. If a 
length of superconducting core should become normal, that is; become non-superconducting, 
the current will transfer into the copper, allowing the core to regain the superconducting 
state.* In the original proposal, the first subcables were solder-filled and wrapped with 
Kapton tape. Neither of these steps presently appears necessary. Furthermore, eliminating 
these steps results in a gain in Pce~formance and a savings of $100,000 in fabrication costs. 
Insulation must be added to the second subcable, as shown, to limit ac losses. For the pan­
cake design proposed by GA, the stainless steel strap no longer forms ~n integral element of 
the cable. The cable core consists of a thin strip of Kapton or .. Mylar ·that serves to prevent 
fretting of the interior cable surfaces. It is· expected that the modified conductor will be 
far easier to wind than the original conductor. 

*DuPont trademark 
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TABLE 2. Conductor Specifications for 30-MJ Coil 

A. Superconductor Composite Core 

Area of NbTi, mm2 

Filament diameter, ~m 
Number of filaments 
Strand diameter, mm 
Cu to NbTi ratio 
Twist pitch, mm 

B. First Subcable (Six copper wires cabled about one core) 

Uncompacted diameter, mm 
Overall Cu to NbTi ratio 

C.· · Secon~. Subcable (Insulated) 

Six fi~st subcables around a copper core 
Diameter,. mm 

D. Finished Conductor 

Ten second subcables around a Kapton strip 
Strip dimension, mm 

Conductor. dimension, mm 

4.85 X 10-2 

6.5 

1464 
0.511 

2·. 94:1 

5.0 

1.39 
26.7:1 

4.59 

18·x 0.25 

23 X 9.2 

Most of the development work which has gone into the original conductor concept is. 
directly applicable to the modified conductor.· Samples of original conductor are undergoing 
the entire· series of qualification tests so that the original concept will be available for 
use if necessary ... 

ELECTRICAL TESTING PROGRAM 

Stability tests on a mock-up conductor array using second subcable with Kapton insu­
lated first subcable"show that the original conductor concept is stable at the BPA operating_ 
point. Tests will be done on samples of modified cable as they become available, although 
it is expected that the modified cable will be stable at an even higher current than the 
original conductor. 

A simple test of electrical resistivity at 20 K (boiling point of liquid hydrogen) has 
been developed for use as a quality control procedure during cable fabrication. It has been 
found that the first suqcable must be annealed at 6000F for 2 hours to recover the origi­
nal low electrical resistivity of the stabilizing copper. This procedure does not affect 
the superconductor. Forming the second subcable and final conductor results in only a 
further 10% increase in the resistivity. 
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Fig. 2. Low-Loss Cryostable Cable for 30-MJ Pancake Coils 

Ac losses have been measured as a function of frequency and cable geometry to define 
the separate contributions due to superconductor hysteresis, coupling currents, and copper 
eddy currents. With soldered first subcable the losses are approximately equal to those 
calculated in the original 30-MJ system proposal. With nonsoldered c·able, the contact 
resistance between the copper wires is sufficient to reduce the coupling and eddy current 
losses by a factor of ten, with no detectable effect on conductor stability. Further, the 
contact resistance between first subcables is large .enough that they need not be insulated 
before the second subcables are formed. Leaving the first subcables bare reduces cost, 
increases stability, and solves a number of problems related to current sharing between 
insulated strands in a cable. The present design calls for each of the 10 second subcables 
to have a separate power lead from the liquid helium bath to a common, room-temperature, · 
bussbar. The lead resistance forces each second subcable to carry the same current, while 
the uninsulated first subcables within each second subcable automatically share the cur­
rent. It is possible to use short lengths of superconductor cold-welded together, and even 
a complete break in the superconductor can be tolerated. 

Acceptance tests have been performed on 64 samples of superconducting composite core 
wire, drawn from 90% of the wire order. All samples met the specified current carrying-per­
formance of 110 A at 4.2 K, 3 T and 1 x 10-12 n-cm. The average performance was 20% 
higher. 
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MECHANICAL TESTING PROGRAM 

The behavior of the conductor for transverse compression is nonlinear. The apparent 
modulus of elasticity in the expected 30-MJ load range is 10 000 to 20 000 psi. This low 
modulus is apparently caused by the conductor taking the load by elastic bending of the 
numerous short arches in the wires and subcables that remain in the cable after fabrica­
tion. Mechanical hysteresis, if any, will be within design limits. The low modulus causes 
no unusual problems in coil design, although it does produce larger absolute values of con­
ductor displacement than previously anticipated. 

Magnetomechanical forces will cause individual first subcables to deflect radially out­
ward in the space between the support teeth. For the worst case of unsoldered, fully­
annealed first subcables, there may be some plastic deformation in the highest field region, 
with a small but negligible effect o'n the electrical resistivity. Cyclic loading will be in 
the elastic region in all cases. 

Three types of fatigue te~ts are being ~un on the conductor. Jack Ekin, of the 
National Bureau of Standards (NBS), .. Boulder, has recently completed work on his contract to 
measure how cyclic strain affects the electrical resistivity of the copper stabilizer in the 
BPA conductor. ·He used samples of ·soldered and unsoldered first subcable with various 
initial resistivity ratios representing differing degrees of hardness. A.cyclic strain 
amplitude of 0.25%, which is several times the design amplitude in the.30-MJ coil, is neces­
sary to see any effect. At 105 cycles the resistivity change is less than 5% in all 
cases, including a dead-soft, unsoldered cable. A plot of ~PIP verses log N is linear, 
permitting extrapolation to higher N. 

Also at NBS, mockup coil sections at 4 K are subjected to compressive cyclic loads in 
excess of those predicted for the 30-MJ operation, for up to 106 cycles. So far, a 
section of the original conductor-coil configuration has withstood 500 000 cycles between 
1000 and 1500 psi with no degradation of the interstrand insulation or of the fiber-glass/ 
epoxy structure. A similar test is underway at the University of Wisconsin, using a 
slightly different sample configuration. This test will accumulate 107 cycles at 77 K. 

PROCUREMENT EFFORT 

All of the superconducting wire has been delivered by Magnetic Coporation of America, 
representing an expenditure of $74 000. ,An order has been placed with Phelps Dodge Corp. 
for the required 13 000 lb. of stabilizing copper wire. This material, certified to have an 
electrical resistance at 4 K of l/180 of the room-temperature value, will cost $20 000. 

COIL DESIGN AND CONSTRUCTION 

Four responses were received to the RFQ for design and construction of the 30-MJ super­
conducting coil, wh.ich would include procurement of the conductor. Phase I of the contract, 
for $288 000, has been awarded to General Atomic Company of San Diego, CA. The result of 
Phase I will be an engineering design, including working drawings, material specifications, 
and quality control -plans. The following paper, by J. Purcell, describes the design effort 
at GA. Phase II can also be awarded toGA at the option of LASL. All the Phase I funds 
wi 11 be expendeu i 11: FY 79. 

DEWAR 

A preliminary inquiry to locate manufacturers who are interested in fabricating the 
large fiber-reinforced-plastic dewar elicited six positive responses. Conceptual drawings 
have been prepared for two different design options. In the first, the dewar is simply a 
large cylindrical tank with dished ends, designed .according to the ASME code for 
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pressure-vacuum vessels. To save helium, a second, evacuated, chamber wouldcbe placed 
inside the bore of the coil. In the second option; the dewar is toroidal, with a roughly 
rectangular cross section and a flat lid. In both cases, there must be liquid nitrogen 
cooled shields in the vacuum spaces and in the helium gas space above the coil and super­
insulation in the vacuum spaces. The superinsulation must be arranged not to form icon­
ducting ring encircling the coil. At least one vendor has successfully fabricated the 
second type of dewar, 10 feet in diameter and 3 feet deep. Currently, the two sets of draw­
ings are being circulated among the vendors for comments, following which modifications and 
more specific design will be made and a formal RFQ will be issued. 

ELECTRICAL SYSTEM 

A schematic of the electrical system is shown in Fig. 3. A contract for the 10-MW con­
verter was let to Robicon Corp., Pittsburgh, PA, and wa~ subsequently extended for modifica­
tions to include integrating the energy dump circuit for a combined total cost of $180 000. 
The final design review for the converter has been held,~ detailed drawings approved and fab­
rication begun. Scheduled delivery date is Nov~mber 30~ 1979. 

The 108 SCR's for the converter were purchased for $38 000 at the end of FY 78 from 
Westinghouse Electric Corp. An additional order has been placed for 48 SCR's at a cost of 
$17 000, with delivery scheduled before the end of FY 79. The additional SCR's are for the 
energy dump circuit and for spares. 

Considerable effort on the part of the LASL staff went into the design of the energy 
dump circuit, which is based upon a circuit developed for switching applications in the mag­
netic fusion program. 5 By placing the 1nterrupter in series with the converter, rather than 

·in parallel, it is possible to discharge the coil at a higher voltage and therefore in a 
shorter time. The entire electrical system is arranged so the 30-MJ coil can be protected 
under any conceivable failure mode. The 5-KA de vacuum interrupter is formed by a parallel 
combination of the three-phase contacts of a commercially available ac vacuum breaker. This 
$12 000 item has already been shipped by GE to Robicon for integration into the converter 
modules. The remaining components of the energy-dump circuit are presently being fabricated· 
by various vendors. 

Bfds _have been received and are being. evaluated for the 1.2-MVA converter transformer, 
which is a $100 000 to $200 000 item. It is expected that the contract ·will be let very 
shortly, with delivery scheduled for the end of FY 80. · 

The four firing. cirucits shown in Fig. 3 are built into the conve~ter. The control 
circuitry, which forms the logic interface with the BPA network, will be designed and built 
by LASL. Experiments with a prototype circuit have been described previously. 6 

. . ., 

Present plans call for all the electrical .system components to be delivered to Los 
Alamos except for the transformer, .which will be delive~ed to Tac.oma, WA .. Power at Los 
Alamos will be supplied by an existing 3.25-MVA rectiformer. The control circuit will be 
integrat_ed into the system and the computer contron_~d operation will. be tested. 

CRYOGENIC SYSTEM 

Figure 4 shows a block diagram of the cryogenic system, with the components arranged 
for the Tacoma site. All the components are mounted on trailers, so that the entire system 
is portable. In. particular, the system wi 11 be assembled at Los Alamos in mid FY 80, which 
will permit an extensive testing of the automatic operation and which.should limit the 
amount of plumbing that needs to be done a.t Tacoma. 
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. Fig. 3 Electrical System for SMES BPA System Stabilizer 

The refrigerator is a CTI - Cryogenics model 2800 with Sulzer gas bearing turbines, 
three variable flow compressors, and liquid nitrogen precooling. The refrigerator will 
produce 75 .t/hr of liquid helium or 320 W of refrigeration at 4.2 K, or any linear COII\bina­
tion of the two. The expected load, 15 .t/hr of liquid and less than 150 W should 'be within 
the system capability with only two compressors running. Initial tests are scheduled momen­
tarily. The refrigerator and compressors installed in the trailer and equipped for .auto­
matic ·remote control cost $450 000. This includes two spare gas-bearing turbines. Two­
thirds of this amount has been expended. 

The refrigerator trailer, fabricated by Aluminum Body Corp., Los Angeles, CA, cost $24 
000 and has been shipped to CTI. Still outstanding is an RFQ for refrigerator modifications 
to allow long-term unattended operation_ and automatic remote control. 

The liquid nitrogen trailer was obtained as· excess equipment and will be reconditioned 
at Los A 1 amos • 

A minimum inventgry ·of 108 000 SCFM of helium is required to operate the system at a 
cost of $10 000. It is assumed that there will be intervals during which the refrigeration 
plant will not be running when the gas will be recovered and stored. The gas recovery sub­
system consists of any one of the refrigerator compressors, three Corblin 2500 psi com­
pressors, a 100 W heater in the coil dewar, and a high pressure tube trailer. One Corblin 
will handle the gas flow resulting from the normal heat load on the dewar, which evaporates 
the liquid helium in 86 hours. The heater and additional Corblin compressors permit the 
dewar to be emptied in one day, if desired. 
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Fig. 4. Layout of SMES System at Fite Substation, Tacoma, HA 

The Corblin compressors were obtained from excess property and are currently being 
serviced. A suitable trailer to contain them exists at Los Alamos. A bid of $100 000 was 
received for the tube trailer but acceptance has been deferred to allow for a search of 
excess property lists for this item. Tube trailer delivery is only 60 days. If all the 
compressors run simultaneously, they require 60 gpm of cooling water, which is too much for 
once-through cooling. An evaporative cooling tower has been located at Los Alamos which 
appears suitable for this application. A flat-bed trailer to hold the cooling tower has 
also been located as excess property. 
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CONCLUSION 

The 30-MJ SMES transmission line stabilization project is proceeding with the critical 
items on schedule. Verification testing has been performed on one version of the original 
conductor. Much of this testing also applies to a modified conductor that promises to per­
form even better and which will be easier to fabricate. The refrigerator and converter sys­
tems wi 11 be comp 1 eted ear 1 y in FY 80 and tested at LASL. 
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PROJECT SUMMARY 

Project Title: Superconducting Magnetic Energy Storage (SMES) 

PrincipaJ Investigator: John D. Rogers · 

Organization: University of California 
Los Alamos Scientific Laboratory 
Los Alamos, NM 87545 
(505) 667-5427; FTS 843-5427 

Project Goals: The goals of the SMES program are two-fold. These are to design, 
fabricate, and place into operation a 30-MJ, 10-MW SMES unit for 
electric utility transmission line stabilization on the Bonneville 
Power Administration (BPA) system by 1982-83. The second goal is to 
design and have constructed a 10-to-50-MWh SMES unit. This unit will 
be for a completely detailed engineering prototype demonstration of 
an electric utility diurnal load-leveling system. 

Project Status: The engineering design of the BPA SMES transmission line stabiliza­
tio~ system is in an advanced state. Many large hardware items are 
determined and on order. The refrigerator has passed the acceptance 
test. It is being installed in a trailer obtained for this purpose . 

. The superconducting wire for the 30-MJ coil has been obtained. A 
contract was placed with General Atomic Co. for design of the 30-MJ 
coil. The design· is about 80% complete. Lengths of 5-kA cable have 
been received and tested. Additional cable development is necessary. 
The converter has been ordered and all components for the protective 
energy dump circuit have been received. Surplus high-pressure 
gas-recovery compressors have been obtained and are to be trailer 
mounted. Similarly, an evaporative cooler has been obtained and 

Contract Number: 

Contract Period: 

Funding Level: 

Funding Source: 

will be trailer mounted for a heat-rejection unit. Detailed 
controls design and operating logic are being addressed for remote 
microwave~link operation of the SMES unit in the BPA system. An 
RFQ has been issued for the power transformer. 

The reference design for a 1-GWh diurnal load-leveling SMES unit 
was completed. The costs extrapolated to a 10-GWh unit were 
determined to be $77 to $111/kWh. Recommendations, based on the 
study, are made for extending' the large SMES unit work. 
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. * DESIGNING THE MAGNET FOR THE BONNEVILLE POWER ADMINISTRATION 

John R. Puree 11 
General Atomic Company 

P.O. Box 81608, San Diego, Califor.nia 92138 

ABSTRACT 

This paper describes the design of the Bonneville 30 MJ superconductfng stabilizing coil. 
The various components in the coil are described aloh9 with.lthe rationale':fo·r·materials choice. 

INTRODUCTION 

The 30 MJ coil is a solenoid with a winding' bore of 101." inches. It will be 48 inches tall 
and have an outside diamete~ of 134 inches .. Peak field· on the conductor will be about 2~7 T at 
full current of 4900 amperes and the stored energy will be 32 MJ :> Tota 1 wei ghf· of the q_ni shed 
coil will be 36,000 pounds. 

CONSTRUCTION 

The coils will be constructed by winding a superconducting cable and a. stainless steel 
strip in parallel. The stainless steel strip will support the hoop stress generated by the 
magnetic field. An overall view of the coil is shown in Fig. 1. The windings will be.flat 
discs, or pancakes, shown in Fig. 2, that consist of outward spiraling turns of superconductor 
and stainless steel. Forty of these pancakes (23 turns each) are stacked, one above the-other 
to form the complete coil. The coil stack is clamped together with tie bolts and clamp rings. 
Connections are made between the pancakes to place all the windings in series. Current flows 
into one end of the coil, spirals in and out through the pancakes, and o~t the othe~ end of the 
coil to produce the magnetic field. ' 

CONDUCTOR 

Since the coil will be operated in a pulsed mode at a frequency of 0.35 Hz, it is important 
to minimize the heating produced by the pulsed fields and current. The heating aspect has the 
largest impact on the conductor itself. To reduce the ac losses, the superconductor must be 
finely divided, twisted, and parallel paths must be·electrically insulated and be further 
twisted. The copper stabilizing material must also be divided into small wires and twisted. 

In addition to having low ac losses, the conductor must be stabilized ~gairist therma'l and 
electrical perturbations .. Stabilization is the purpose of the additional copper wires that are 
twisted into the cable along with the superconductor.. In the event a short J~ngth of super­
conductor goes "normal" for a short period of time, the cu~rent in that .short section is bypassed 
into the neighboring copper until the superconducting state is resumed. The copper provides a 
low resistance path, to minimize heating during the current bypass, and allows the conductor to 
return to the superconducting state. Considerations of stability and ac loss have led to a. con­
ductor design as shown in Fig. 3. 

MECHANICAL 

The pancakes are separated by perforated spacers as· can be seen in Fig. 2. :The spacers 
must be perforated to allow free circulation of the liquid helium and be strong enough to support 
the large compressive load between coils. Epoxy glass· laminate is· a good material for this 
service. 

* Work support by Department of Energy, LASL Agreement X49-6722H-1. 
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One of the forces generated by a solenoid winding· when it is energized is a bursting force, 
called the hoop force, that tries to make the coils grow in diameter. The hoop force is sup­
ported by tension in the stainless steel strips wound into the pancake coils. In addition to 
the hoop force, the magnetic field produces another force that pushes two coils together tending 
to make the coil stack shorter. This force is transmitted from pancake to pancake through the 
width of the stainless steel strip. The fragile conductor is thus protected from large forces, 
both along its length and across its width, by the stainless steel strip. 

The coil assembly will be tied together with aluminum bolts between epoxy glass laminate 
plates at the top and bottom of the coil. Aluminum is a desirable material for these tie bolts 
because its thermal coefficient matches the composite thermal coefficient of the coil stack and 
the tension wi.ll be the same at low temperature as it is at room temperature. In addition, the 
low ~lastic modulus o~ aluminum results in considerable .stretch of the bolts during tightening. 
This stretch in the aluminum tie bolts will allow them to maintain a clamping force even when 
the magnet is energiied and the coil stack is shortened somewhat due to magnetic forces. 

Joints between. the pancakes will be made by soldering with about a 12-inch overlap. The 
joints will not be superconducting; however, the resistance will be very low and the total heat 
generated by the.joints at full current will be only 2-3 watts. 
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BOBBIN 

BOTTOM COl/ 

Fig. 2. Isometric end view of double pancake assembly 

LIFETIME 

The energy storage ·coil is designed to operate for 30 years and to tolerate 108 cycles from 
80% to 100% current. The coil will normally be in an ideal environment for long life. It will 
be kept in an inert atmosphere (helium) at 4oK, well below the temperature that any chemical 
reactions or corrosion can take place. The occasional warmup to room temperature and subsequent 
cooldown to 40K present very little thermal fatigue effect. Only the effect of mechanical 
fatigue is seen as a design problem and this is being considered very carefully. The design 
eliminates all sliding and inelastic motion during coil energization and all materials that are 
subjected to stress will operate at conservative stress levels to insure reliability. 
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DOUBLE PANCAKE ASSEMBL 

COOLING CHANNEL 

Pig. 3, Isometric view of conductor assembly showing stainless steel 
support strap, insulator strips and 10-,cabl.e conductor 
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Project Title: Superconducting Magnetic Energy Storage (SMES) 
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Organization: University of California 
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Project Goals: The goals of the SMES program are two-fold. These are to design, 
fabricate, and place into operation a 30-MJ, 10-MW SMES unit for 
electric utility transmission line stabilization on the Bonneville 
Power Administration (BPA) system by 1982-83. The second goal is to 
design and have constructed a 10-to-50-MWh SMES unit. This unit will 
be for a :completely detailed engineering prototype demonstration of 
an electric utility diurnal load-leveling system. 

Project Status: The engineering design of the BPA SMES transmission line stabiliza­
tion system is in an advanced state. Many large hardware items are 
determined and on order. The refrigerator has passed the acceptance 
test. It is being installed in a traiJer obtained for this purpose. 

"The superconducting wire for the 30-MJ coil has been obtained. A 
contract was placed with General Atomic Co. for design of the 30-MJ 
coil. The design is about 80% complete. Lengths of 5-kA cable have 
been received and tested. Additional cable development is necessary. 
The converter has been ordered and all components for the protective 
energy dump circuit have been received. Surplus high-pressure 
gas-recovery compressors have been obtained and are to be trailer 
mounted. Similarly, an evaporative cooler has been obtained and 
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will be trailer mounted for a heat-rejection unit. Detailed 
controls design and operating logic are being addressed for remote 
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The reference design for a 1-GWh diurnal load-leveling SMES unit 
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study, are made for extending the large SMES unit work. 
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1-GWh DIURNAL LOAD-LEVELING SUPE~CONDUCTING MAGNETIC 
ENERGY STORAGE SYSTEM REFERENCE DESIGN 

J. D. Rogers 
Los Alamos Scientific Laboratory 
of the University of Cal lfornla 

Los Alamos, NM 87545 

ABSTRACT 

A point reference design has been completed for a 1-GWh Superconductlng Magnetic Energy 
Storage system. The system Is for electric uti I lty diurnal load-level lng; however, such a 
device wl I I function to meet much faster power demands Including dynamic stab! I lzatlon. The 
study has explored several concepts of design not previously considered In the same detail as 
treated here. Because the study Is for a point design, optimization In alI respects is not 
complete. The study examines aspects of the coil design; superconductor supported off of the 
dewar shel I; the dewar shel I, Its configuration and stresses; the underground excavation and 
related construction for holding the superconductlng coil and Its dewar; the hel lum 
refrigeration system; the electrical converter system; the vacuum system; the guard col I; and 
the costs. This report Is a condensation of the more comprehensive study which is In the 
process of being printed. 

INTRODUCTION 

A study has been undertaken to evaluate the magnitude In size, technical difficulty and 
detal I, and cost of a 1-GWh Superconductlng Magnetic Energy Storage <SMESl system for diurnal 
load-level lng for electric utility appl !cation. A 1-GWh size was chosen as being sufficiently 
large to make extrapolation to a larger size rei !able and, unto Itself, to be a size for which 
there could be considerable demand, cost permitting. Extrapolation of cost per unit of energy 
stored Is, to the first order-, Inversely proportional to the maximum energy stored to the 
one-thIrd power. The a·pproach, used In the desIgn, has been to exp I ore some variatIons to 
already conceived details of a SMES unit. 'These detal Is are particularly those related to the 
dewar structure and the support and design of the conductor. Before any commitment Is made to 
these or other concepts, a careful comparison Is needed. To aid the study and establIsh 
credlbl I ity In areas In which unusual expertise Is .required, Industrial consultants were used 
to assess the nature of converters, underground excavation for locating the superconductlng 
storage co i I, and hIgh-purIty a I urn I num .to estab I Ish both methodology and costs • 

. Several aspects of a large SMES unit determined by earl ler work are retained as features 
of this reference design. These Include the concept .of oper.atlng with the superconductor In a 
1 .8-K 1-atm superfluld hel lum bath to reduce the cost of the superconductor;.contoured, modular 
cold- and warm-wal I hel lum dewar to accommodate thermal expansion and reduce material 
thickness; location of the storage col I underground to reduce coil support construction costs; 
and the use of a simple solenoid with a height-to-diameter ratio of about one-third. 

Table 1 gives some of the characteristics of the storage system. The technology base of 
this reference design Is considered to be within the state of the art. No discoveries or 
unusual Inventions are needed to design and construct such a SMES.system. At the same time, 
techno I ogy development is requIred to estab I Ish methods of. ·construct I on whIch ·w i I I be 
rei !able. Also, Improvements In the technology base could considerably alter the economics .of 
such a major capital project. 
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Fig. 1. Components of a Superconducting Magnetic Energy Storage System 

TABLE 1. 1-GWh·SMES System Parameters 

Energy exchanged 
Maximum energy stored 
Co I I d I ameter 
Coil height 
Co I I thIckness 
Tunnel width 
Co I I Inductance 
Maxjmum current 
Minimum current 
Maximum field 
Temperature 
Minimum voltage. 
Maximum voltage 
Maximum power 

3.6 x 1012- J (1.0 GWhl 
3. 96 x 1 01 2 J ( 1 • 1 0 GWh) 

132m 
44 m 
20 em 
3.0 m 
3170 H 
50 kA 
15 kA 
4.5 T 
1.85 K 
5.0 kV 
16.7 kV. 
250 MW 

ENERGY STORAGE COIL AND·CONDUCTOR 

At the heart of a SMES unit Is the conductor, which carries the current that in turn 
establ lshes the magnetic field In which energy is stored. The conductor Itself consists of 
two functional parts: {1) the superconductor, In which alI the current flows under normal 
operating conditlons •. and {2)_the stabl I izer, which forms a paral lei path of normal cohductor 
In which the current can flow In an abnormal, transient condition when a length of 
superconductor becomes resistive. The proposed conductor is a 50-kA superconducting cable 
sandwiched between two para I lei stab I I lzing elements, consisting of high-purity aluminum 
jacketed with cold-worked copper. See Fig. 2. · The Interaction of current and magnetic field 
creates a transverse force on the conductor, which, therefore, must be located in a coil 
structure that transmits these forces to external support members. Col I characteristics are 
given in Table 2. 

The superconductor Is multi-filament NbTI, extruded In copper with a copper-to-NbTi ratio 
of 1 .33, drawn to a strandc~Jameter of 0.147 em, and formed Into a 23-strand flat, transposed 
cable, 0.277 em by 1.67 em. One advantage of designing with this conductor Is that its cost 
can be rather accurately • defined, and It is wei I within the state of the art of the 
superconductlng wire industry to produce this cable. ·current density in the aluminum 
stabilizer Is set at 15 kA/cm2 by the requ·irement that if external protective action is 
required, 1% of the stored energy can be removed with a -turn-to-turn potential of 100 V and a 
temperature rise in the aluminum of 100 K. 
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TABLE 2. 1-GWh Col I Characteristics 

Average radius 
Height 
Radial thickness 
Inductance 
Operating current at ful I charge 
Cryogenic coolant 

66 m 
44 m 
0.20 m 
3170 H 
50 kA 

He I ium at 1.8 K, 1 atm 
4280 Number of turns 

Number of radial turns 
Winding pattern 
Radial turn spacing 
Axial turn spacing, midplane 
Axial turn spacing, end 

5 
pancake 
0.60 em 
2.69 em 
11.7 em 

The conductor is designed to be 
current in the stab I I izer is equal to 
contact with the exposed surface. 
high-purity aluT!num as a function of 
they developed. > The cost of copper 

fully stable, such that the heat generation with alI the 
the heat which can be carried away by the helium in 

A study has been performed by ALCOA on the cost of 
purity, based on the use of a proprietary process that 
is taken as $1.50/kg. 

In a superconductor, when the magnetic field Is varied, the electric fields produce eddy 
current losses that ~ust be removed by the I lquid hel fum. The time averaged losses total 
131 W with the coil holding ful I ch~rge and 12 W with the col I holding minimum charge, both 
entirely due to joints, and 303 W with the col I either being charged or discharged. 

The radial and axial forces on the Individual conductors are transmitted through the 
conductor stack to the hel fum vessel and thence to the support struts. While the accumulated 
radlal_!oad Is smal I, the accumulated axial load may become very large. With a strain I lmlt 
of 10 In the aluminum stabl I lzer, the maximum load Is 84 MPA (12.2 ksll. The load within 
eachhel ium vessel section accumulates to a large v~lue. <4 J It Is, therefore, proposed that the 
conductor stack within each section be divided vertically Into two sections. The half nearest 
the col I midplane bears on the vessel end, while the half away from the midplane bears on 
ledges fitted to the Inner and outer helium vessel wal Is. 

i-------18.56mm------

ALUMINUM ALUMINUM 

0.65mm--10l-­
(COPPER WALLS) 

Fig. 2. Cross Section of a Conductor Array Showing Dimensions 
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Material costs for the conductor support within the dewar are taken as $2.50/kg for 
either aluminum alloy or stainless steel; and the fabricated, insulated cost is taken as twice 
this. Placement costs are included in the coi I winding estimate. Aggregate costs of the 
various elements discussed in "this section are given in Table 3. 

TABLE 3. Costs for Conductor and Col I 

Item 

50 kA,.graded and fabricated superconducting cable 
Copper jacketed, aluminum stabilizer; materials 

fabrication 
Supports and spacers; material 

fabrication 
Coi I winding labor 

Total 

DEWAR AND STRUCTURAL SUPPORT 

43.2 
7.3 
7.3 
6.2 
6.2 
2.7 

72.9 

The general dimensions for the 1-GWh excavation cross section are shown in Fig. 3. The 
excavation is made to house a large underground vacuum vessel. Inside this vacuum vessel are 
the inner vessels that serve as structural support for and contain the superconducting col I. 
The upper and lower ends of the outer vacuum vessel are sealed by means of an aluminum 5083 
bel lows that joins to an end seal structure. The upper end seal structure wi I I have the 
necessary penetrations for construction purposes and piping, and personnel access to the 
tunnel wil I be through the radial access drift tunnel. 

The inner, helium vessel is shown segmented into 13 sections with numbers through 6, 
above the central segment and 7 through 12 below. The central segment is numbered 13. The 

'helium vessel is a rippled structure in the plan view. See Fig. 4. Support struts, located 
every 2 m on centers circumferential ly, transmit the radial and axial magnetic forces to the 
outer wal I of the excavatt?g~ The general concept is based upon struts proposed by the 
University of Wisconsin. The struts have been divided axially into an 18.2-m central 
section, in which the axial loads are very small, plus two 12.9-m end sections in which the 
axial loads are greater than the radial loads. 

The vacuum vessel is to be constructed of aluminum 5083 in the H-38 condition. The 
vessel wi I I be a continuous shel I except for required penetrations with bel lows closures for 
piping, conductors, and access. This shel I wi I I be constructed from seam-welded aluminum 
plate 2.5 mm thick. The shel I wi I I be supported by 0.3-m-long rock anchor-type supports on a 
1- by 1-m spacing pattern. The mate{J~I for the vacuum vessel and bel lows is expected to cost 
$245 000 and $123 000, respectively. The strut components and materials are shown in 
Fig. 5. 

The instal led costs of this system and the per unit materials costs are given in Table 4. 
A factor of three times the computed material cost has been used to determine the instal led 
cost. This factor may be somewhat high and its effect is discussed below. 

Potential savings in material cost can be investigated through design changes in some 
areas. Three such major changes are evident. Stain I ess steel is cons i der.ed for the dewar 
structural material because of the known avai I able technology for hand I ing with some 
confidence in the vacuum rei iabi I ity of welds, etc. If simi far technology for aluminum 
sections can be made avai I able, there are potentially large material cost savings. 
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Fig. 3. Basic Dimensions and Cross Section. of the 13-Segment Vessel Concept 

2m 

VACUUM VESSEL 

I 

Fig. 4. Section AA Plan View of Fig. 3 
Showing Proposed Vessel Concept 

BOLTED THRU 
FRICTION CONNECTION 

Fig. 5. Low-Thermal Conductivity Support 
Components 
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TABLE 4. In-Place Cost for 1-GWh SMES Structural Components 

Component Cost, $1 06 

Vacuum wa lis 
Vacuum-wal I anchor system 

0.74 
1 .54-
0.68 Bellows seals, upper and lower enclosure ·structures 

Low-conductivity support struts 53.7 
33.9 
90.56 

Helium vessels 
Total 

Material Cost 

A I umi num 
G-10 CR 
A-304 StaIn I ess 

The second promising 
conductor design would 
load-carrying member, and 

$4880/m3 ($0.80/lbl 
$8/kg 
$17300/m3 ($1.00/lbl 

concept is the wire rope conductor. design. <6 > Such a self-supporting 
be a highly efficient structure, eliminates the dewar as a 
Is the easiest proposed conductor to fabricate. 

The third possibi I lty Is to use considerably less expensive oriented fiber reinforced 
polyester or other reinforced support structure material-rather than t~e G10CR fiber-glass 
reinforced epoxy. 

UNDERGROUND EXCAVATION 

Superconductlng magnetic energy storage devices are planned for Installation In 
underground tunnels. See Fig. 6. Structural supports from the cold inner hel fum dewar to the 
300-K rock make use of the rock as an economical load-bearing materi-al. The rock Is under 
compression from Its own weight and the earth's overburden. Elastic analyses of granite under 
the _col I load distribution generate compressive stresses having maximum values of -103 bars 
and shear stresses of -17 bars In the surrounding· granite. T<hese· values are -10%-or less of 
I lmltlng strength criteria; hence, the tunnels should be stable. 

Consideration of effects of cycl lc loading during the 30-yr history, hydrologic 
conditions, or locating the dewar In weaker rocks suggests Induced stresses may approach 
tal lure; and rock bolting for wal I stabl llzatlon Is a necessity. Rock pro~'rtles for 
Isotropic granite were chosen to all'ow comparls.ons with calculations of Fuh et al. > for a 
different 'unnel design. 

The. ·first. dewar. segment Is physically connected to the wal I so the loads are taken more 
than 3.1 m away from the end access room. Segments two through six ~re attached for a 
d lstan\=e of 12.9 m vert I ca I I y a I ong the tunne I wa I 1·. The ax I a I pressure Is transmItted to the 
wall as constant·axlal. components equal to 108 bars (1580 psl.l. The radial load Is a minimum 
at the top and bottom of the coli tunnel and Is a maximum at the mldplane·of the.tunnel. The 
effect Is to Increase Incrementally the.radlal pressure from 12.5·pars (182 psi) to a peak 
value of 100.5· bars (1470 psll along the entire outer tunnel surface. The total force from 
the field Is resolved Into radial and axial components. Figure 7 is an II lustratlon of the 
reso I ved curriJ.lUIItHil :::.. · 

The maximum principal compressive stress given as a negative value on Fig. 8 Is 103 bars. 
<-1495 psi) occurring-15m below the top of the room. Similar contours were calculated for 
other stresses. The minimum principal stress Is compressive and Is 75 bars <-1090 psi). The 
hoop stress Is compressive with a maximum value of 26 bars <-380 psil. The shear stress of 
-17 bars Increases approaching the midplane. 
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EARTH's SURFACE 

6m 

" 

62m 

Fig. 6. Schematic of Quarter Section of Tunnel 

THIS RGVRE $YIIM£71i1CAL ABOUT HORIZONTAL MIDPLANE 

6m 

l 108 bo" OF DISTRIBliTED 

/

SHEAR LOAD THROUGH 
DEWAR DUE TO RADIAL 

l 
COMPONENT OF 
MAGNETIC AELD. 

NUT TO SCALE 

Fig. 7. Loading System with Coil Supported 
by Outer Wa 11 

200m 

~ 
5m 

~ 
44m 

5m 

MIDPLANE 

to Contain SMES Device 

' 

c=JTUNNEL 8 ROOM . 

CONTOUR INT£RVALIN bars 

I bar : 14.5 psi 

Fig. 8. Maximum Principal Compressive Stress 
with Coil Supported by Outer Wall 
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A consulting contract was placed with Fenlx and Sclsson, Inc., a mining engineering firm, 
to make a SMES tunnel excavation and construction study and to obtain costs for same. The 
tunnel conforms to the configuration of Fig. 6. The study considered locating the col I depths 
of 200, 300, and 400 m. Only the cost estimates for the 200-m depth are presented here. 

The excavation study originally cal led for six, 1 .82-m-diam dril I holes with steel 
I inings for vacuum pump-out I ines; a production shaft, 3.96-m by 3.35-m with concrete I I ned 
stabll lzed wal Is and a skip holst for subsequent use in assemblylng the storage col I; a 
horizontal shaft, 3.7-m by 3.7-m, extending 250-m horizontally from the center I lne of the 
tunnel axis to an equipment room at the 227-m level; and an equipment room, 20m by 20m by 
10m high, with Its own 3.9-m by 3.9-m vertical service shaft. The rock wal Is throughout the 
excavation are to be stabll lzed with rock bolts. 

The main storage col I tunnel Is I I ned with ~mpermeable load-bearing concrete wal Is with a 
minimum compressive strength of 422 to 563 kg/em • Steel load bearing plates are mechanically 
anchored to both wal Is with 50~mm-dlam by 1-m long zinc-plated rock bolts. The zinc plating 
Is required for a 30-year I lfe. Twe~ty-five-mll I lmeter copper pipes on 1-m centers are 
imbedded In the concrete I ining of the tunnel wal Is. These supply heat to prevent freezing of 
the concrete and rock due to the heat leaks into the dewar. Provision was made to remove 
ground water seepage from behind the concrete. An underground equipment room was found to 
provide a saving in the refrigerator system. Its remote location from the col I was necessary 
to have the equipment in a low fringe field of §200 G for maintenance. 

Fenlx and Sclsson estimated 
Subsequent analysis and redesign 
changes follow. These are: 

the total 
resulted 

cost of the above work 
in a significant cost saving. 

at $48.5 mi I I ion. 
The major design 

1. Locating the vacuum pumps In the underground equipment room make the six dri I led 
shafts unnecessary, provided the equipment room and the horizontal drift leading to it are 
somewhat enlarged. The net saving is $9 ml I I ion. 

2. The vertical shaft to the equipment room can be el lminated and the main production 
shaft used for alI mining and maintenance functions, provided the main shaft is relocated and 
the horizontal production drifts are extended. The net saving Is 0.7 ml I I ion. 

3. The excavation study was performed at a stage In the design when the axial magnetic 
forces were to be transmitted to both Inner and outer tunnel wal Is. Under the final concept, 
In which load-bearing struts do not contact the Inner wal I, this wal I need not have a thick 
concrete I inlng, can be of lower qual tty, and does not require heating pipes. The associated 
cost reduction is $2.0 ml I I ton. 

4. The study Included a steel bearing plate at the base of each support strut, at a cost 
for material and placement of $3 mi I I ton. These plates have since been redesigned and their 
cost has already been Included in Table 4, although the cost of the rock bolts which fasten 
these plates to the tunnel wal I are stll I counted in this section. These bolts, at 
$8 mil I ton, are a major cost Item. 

The adjusted cost for excavating and preparing the tunnel, after considering the savings 
of Items 1 through 4, becomes $33.8 ml I I ton. 

CRYOGENIC SYSTEM 

Cool lng of the superconductlng coli is accomplished by means of a two-fluid system. The 
col I is Immersed in a superfluld bath at 1.8 K that Is maintained with an overpressure of 
1 atm. ·The 1.8-K temperature Is achieved by two means. The first is a thermal barrier 
located In a smal I cross-sectional area portion of the dewar. This barrier sustains a 
temperature gradient with a smal I heat leak to an overlying layer of 4.5-K I iquid helium. The 
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4.5-K I lquld Is then pressurized at about 1 atm with cold hel fum gas. The· second device Is 
merely a heat exchanger, a set of vertical pipes, located within the 1.8-K 1-atm I !quid hel lum 
bath. This heat exchanger operates at 1.8 K and 12.5 torr on the refrigerant side. The 
largest heat load to be removed Is that due to thermal conduction along the support struts. 
The refrigerator provides the I I quid hel lum and cold gas to the system, which distributes 
I lquld hel lum to cool the col I to 1.8 K and cold gas to cool the support struts and dewar 
radiation shield. The refrigerator consists of the hel lum compressors, cold box, low pressure 
pumps, transfer I lnes, and hel fum storage facll lty. Some of the I lquld at 4.5 K cools the 
power leads. The I I quid Is vaporized by the leads and returned to the hel lum compressor at 
approximately 300 K. 

The support struts and dewar radiation shield are cooled with high-pressure hel lum gas 
from the cold box at temperatures of 63 K and 12 K. This 18.0-atm gas undergoes a 10.0-K 
temperature rise across the parts to be cooled and is then recirculated through the cold box. 
Low-pressure hel fum pumps provide the continuous pumping power to move 12.5-torr hel fum gas 
through the transfer I ines and cold box for heat exchange and to raise the pressure to about 
1.0 atm at 300 K to feed the main hel fum compressors. The pumps are located underground in 
the equipment room with the cold box. 

Equipment that w~l I need routine servicing and ma·fntenance must, for occupational 
reasons, be in a magnetic field of 200 G or less. Hence the below-ground equipment room for 
the cold box and pumps must be at a distance of 250 m from the center of the magnet. Adjacent 
to the compressors at the surface wll I be a hel fum storage faci I ity and a water cooling 
system. 

Liquid hel fum wl I I be stored at 4.5 K on the surface in eight ~ewars during periods when 
the coil and col I dewar must be nonoperatlonal for maintenance. A I lquld-hel fum pump, located 
beneath the col I dewar, provides a 225-m head to transfer the I !quid, in reverse direction, 
through the 4.5-K coil-dewar heat exchanger supply I lne and a vertical transfer I lne. 

The major. features that have been evaluated are given In datal I In Ref. 8. The heat 
loads are I lsted in Table 5. The characteristics of the cryogenic system and costs are given 
in Tables 6 through 8. The heat exchagge3 cost is estimated to be $1 mil I ion. The hei fum 
Inventory for the system is 1.4 x 1P m and wl I I cost $1.68 mil I ion if purchased as gas. A 
double-flow wood cooling tower with a 50-hp motor is required; The Instal led tower would cost 
$30 000. 

Power leads {4.5 K) 
Col I losses 
Support struts 
Dewar radiation 
Transfer I ines 

Total 

TABLE 5. Cryogenic Heat Loads, kW 

Temperature Level, K 

36 

R./hr 

250 

1.8 

0.30 
1.44 
0.50 

12.0 

9.3 

63 

127 
16 

1 

144 



TABLE 6. Transfer Line Parameters 

4. 5-K Liquid 4. 5-K Liquid 4.5~K Vapor 12-K Supply 63-K Supply 
Su22l:>:: Storage Return and Return and Return 

Pressure, atm 1.0 1.0 0.0164 18 18 
Diameter, em 7.6 7.6 30.5 4.8 15.2 
Length, m 250 350 250 500 500 
Friction pressure drop 0.029 psi 0.30 gsib 0.312 torr 4.8 psi 3.7 psi 
Heat load, W 0.29la 2.88 • 16.5a 6.2 1100 

Cost, $106 0.52 o. 73 1.56 0.43 1.80 

Total cost, $106 
5.04 

aincludes frictional pumping power. 

bincludes lateral supply line used for transfer to storage. 

TABLE 7. Cryogenic Refrigerator Summary 

Totals 
Temperature, K 4~5 12.0 63.0 
Total refrigeration 

loads, kW 4.1 9.3 144 
ideil refrigeration 

work ratio, W/W 65.7 24.0 3.76 
Ideal refrigerator 

Input power, kW 269 223 541 
Carnot eff~clency 

fraction 0.25 0.25 0.25 
Actual refrigerator 

input po~er, kW 1080 893 2170 
Volumes, m . 464 145 38 
Weights, k~ 102 500 33 700 9 600 
Costs, $10 2.64 2.3·1 4.30 

TABLE 8. Liquid-He! fum Storage System 

Dewars 
Volume, R. <gall 
Quantity 
Cost, $106 

Pump 
Flow rate, g/s 
Head, m (psll 
Efficiency, % 
Power, kW 
Cost, $106 

Total cost, $106 

ELECTRICAL SYSTEM 

227 000 (60 000) 
8 
3.6 

375 
225 (40) 

60 
1.39 
1.0 
4.6 

4140 
647 
145 800 
9.25 

The power conversion equipment forms the interface between the uti I lty bus and the 
superconducting magnetic energy storage coli. The equipment consists of several 
para! lei-connected converter transformers, each tied to a I ine-commutated converter. The 
transformers provide the voltage transformation from the high-voltage level of the uti I lty bus 
to the medium-voltage level at the converter Input. The converter provides bidirectional 
power fiow between the three-phase ac system and the de coil. The rating of the power 
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conversion equipment requires that It be divided Into two Identical modules,· each of which In 
turn consists of four Identical submodules. The heart of each submodule is a converter 
transformer and two parallel-connected Graetz bridges fo.rmlng one 12-pulse bridge. The 
assumption Is made that a 230-kV system with a short-circuit capacity of over 4000 MVA is 
adequate to be used for the instal latlon of a 1-GWh 250-MW SMES unit. 

Different circuit configurations suitable for SMES converters are presented el~ewhere. 191 

From consideration of these circuits the serles-paral lei switching scheme as shown in Fig. 9 
results In the lowest Instal led converter power and cost for a constant power system. This 
circuit configuration results in a 40% re~uctlon in the converter size compared to a converter 
unit which is designed for maximum voltage and maximum current. A constant-voltage converter 
would not require. switching and would need less reactive-power compensation. 

The design cal Is for an energy exchange of 3.6 x 1012 J in four hours at a constant-power 
rate with a maximum charging or discharging power of 250 MW. Maximum and minimum current and 
voltages are respectively 50 kA and 15 kA and 16.7 kV and 5.0 kV. Figure 10 shows the 
voltage, current, and power relationship for the SMES system in per unit and absolute 
parameter values. A I lne-commutated converter with silIcon control led rectifiers, SCRs, as 
switching elements Is uniquely qual lfled as the power conditioning equipment for a SMES unit. 
Two converter modules with a current rating of 25 kA and a vqltage rating of 10 kV at 12.5 kA 
are required to guarantee 250 MW output power under alI load currents. The area bordered by 
dashed I lnes In Fig. 10 represents the operating range of the two converter modules. A 
voltage drop of 1.0 kV at 25 kA results In a module rating of 11 kV and 25 kA. The total 
instal led converter power Is 2 x 11 kV x 25 kA = 550 MW. If two 8.33-kV 25-kA converter 
modules are used and a 10% voltage Increase of the no-load voltage over the rated voltage Is 
allowed, then the Instal led converter ·power is reduced to 2 x 9.16 kV x 25 kA = 458 MW. 
However, the converter would not be capable of providing 250 MW in the current range of 25 kA 
to 28.8 kA. The darkened area In Fig. 10 Indicates the Insufficient converter power for this 
case. At 25 kA the maximum power would l;>e 218.6 MW Instead of 250 MW. The sma.ller converter 
rating Is justified In spite of the 12.6% reduction In output power within a smal I current 
range because of the substantial saving of 92 MW of converter power. At 40 $/kW this results 
In a saving of $3.68 ml I I ion. The total Instal led converter power has been reduced by 52 MW; 
but, In addition, the mixed mode of operation allows the use of the module by-pass swltch·ing 
scheme at a lower per unit cost of $35/kW. Table 9 summarizes the converter characteristics. 

Llne-commutated converters, working In both the rectifier and the inverter mode of 
operation, require reactive power to compensate for the reactive-power deman

1
d of a SMES unit 

and to Improve the power factor. A recent study by General Electric (GEl lOJ shows that the 
static VAR generator with a control led Inductance should be used when the SMES unit is for 
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Fig. 9. Series-Para I lei Converter Module Switching Circuit 
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Fig. 10. Current-Voltage Diagram of SMES Unit and Converter 

storage purposes and system stabl I ization and if-only for storage, less expensive switching capacitors are adequate for VAR compensation. 

Tht~, t:dcl lv~--power requirement Is 5H.1 MVAR. Commutation reactive power must be added to the displacement reactive power and is estimated to be about 50 MVAR. The total reactive power is, therefore, about 100 MVAR. For a converter operated In mixed mode, the reactive power is reduced by 20%. An additional cost of $25/kVA occurs for the VAR generator. 
Table 10 summarizes the cost for·the total converter system. The costs are In 1977 dol Iars; however, if the converter cost development over the last 10 years Is an Indication for the future, then the converter cost wl I I stay constant for the next 5 to 10 years. 
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TABLE 9. Converter Parametersa 

Converter module 

Maximum current 
Load voltage at 25 kA 
No-load voltage 
Power rating 
Number of ·converter modules 
Number of submodules In a converter module 

Submodule 

Maximum current 
Load voltage at 25 kA 
No-load voltage 
Power rating 
Number of Graetz bridges in a submodule 

Graetz Bridge 

Maximum current 
No-load voltage 
Power ratIng · 
Number of 2000-V 1400-A, watercooled SCRs, 

3 lri series, 4 In para! lei for each leg 
of the bridge 

Submodule Transformer 

High voltage 
Low voltage 
Secondary phase current 
Power rating 

25 kA 
8.33 kV 
9.16 kV 

229 MW 
2 
4 

25 kA 
2.08 kV 
2.29 kY 

57.25 MW 
2 

12.5" kA 
2.29 kV 

28.63 MW 

72 

230 kV 
1.68 kV 

10.21 kA 
60 MVA 

aTwo converter modules In series-para! lei switching arrangement 
for 250-MW output power. 

TABLE 10. Cost for Power Conditioning Equipment for the 1-GWh 250-MW SMES Unit 

Converter including transformers 
SCR bridges, filters, by-pass 
switches, and bul I ding 

VAR generator 

Constant Power Mode 
458 MW, 50 MVAR 

Unit Cost 
$ /kVA 

40 

25 

40 

Total ~ost 
$10 

18.3 

1.3 
19.6 

Mixed Mode 
406 MW, 40 MVAR 

UnIt Cost 
$ /kVA 

35 

·25 

Total ~ost 
$10 

14.2 

1.2 
15.4 



VACUUM SYSTEM 

The dewar Is located 2oo·m below the surface of the earth. Three pairs of diffusion 
pumps are I ocated at thIs I ower I eve I and are coup I ed as c I ose I y as pass I b I e to t·he dewar 
wal I. They are located, equally spaced, around the lower circumference of the dewar and are 
connected by appropriately sized I lnes to a single I lne that runs to the equipment room and 
the mechanical blowers and pumps. See Fig. 11. Only the diffusion pumps, right angle 
valves, and the refrigerated baffles are located Immediately adjacent to the dewar. Pumping 
capacity of the system Is set by the surfaces to be outgassed, the volume of the vacuum space, 
and the nature of the materials. Table 11 gives the dewar volume and surface area. 

TABLE 11. Dewar Volume and Surface Area 

Volume, m3 
Net vo I ume, m3 
Surface area, m2 

In the vacuum vessel there wll I be 
polyester struts with a surface area 
superlnsulatlon. From these two Items, 
surfaces, an out-gassing load can be 
torr-llter/s. 

Vacuum Vessel 

5.4 X 104 
5.0 X 104 
4.0 X 104 

Helium Vessel 

3 .• 8 X 103 

2.0 X 103 
3.1 x 1 o4 

960 tonnes of fiber-glass reinforced epoxy or 
of 1.3 x 104 m2 and 32 tonnes of aluminized Mylar 

together with the stainless steel and alumlnu~ 
expected after one hour of pumping of 1.6 x 10 

Cost of the vacuum system hardware, Including Instrumentation, Is set at $830 thousand. 
Instal latlon Is an equal cost. 

GUARD COIL 

The effect of constraint~ on the magnetic field beyond the fence enclosing the 1-GWh SMES 
co I I on the I and requ lre~ents and a pass I b l·e guard co I I were exam I ned • If the property I I ne 
can be at a field of 10- Tor greater an economical guard col I wll I have I lttle effect on the 
location of the boundary. A guard coli can reduc~5the land requirement by at least a factor 
of 4 If the property I lne Is at a field of 3 x 10 T. A guard coli located at the same depth 

Fig. 11.· Schematic of Dewar and Vacuum System 
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as the main storage col I is more effective than a guard coi I at ground level; but neither has 
much effect on the field at ~round level directly over the ma.in coil. This field can only be 
control led by locating the main coil deeper. The parameters of the reference guard col I are 
presented in Table 12. Use of the same 50-kA conductor as in· the main storage col I has been 
assumed. 

TABLE 12. Guard Coi I Parameters 

Vertical location 
Mean radius, m 
Height, m 
Radial thickness, m 
Number of turns 
Conductor length, m 
Maximum current, kA 
~aximum field, T 
Self Inductance, H 
Mutual Inductance to main col I, H 
Energy change, MWh 
Operating temperature, K 
Vacuum ve5sel minor diameter, m 

ground level 
330 
0.574 
0.191 
110 
2.30 X 105 
50 
4.9 
39 
7.6 
8.3 
1.85 
1.,0 

The resulting pressure from the magnetic forces Is approximately 107 MPa (1400 psi) and 
Is wei I below the str~ss I !mit of the conduct~r. The fields at the guard col I at maximum 
charge are ~R = 6. 9 x 10- T and Bz = -1.56 x 10- T. The guard co II I tse If contr I butef 
-1.47 x 10- T to Bz· The resulting force components are 3.78 x 104 N/m_ upward and ~.58 x 10 
N/m outward. The upward force should be compared to a conductor weight of 1.73 x 10 N/M. 

The,vector sum of Fz and FR can be supported in hoop tension by 0.11 m2 of al l.oy aluminum 
at a stress of 280 MPa (40 ksi) and a material cost of $1.76/kg. The upward force must be 
transmitted to the outer vessel wal I by means of fiber-glass straps set Into long, re-entrant 
tubes In the outer.wal I. The upward force·can be balanced by several meters of earth. For 
cost purposes the weight of t~e concrete foundation Is taken to be equal to this le~ltatlng 
force. A total of 3330 m of concrete Is required, at an instal led cost of $500/m • With 
cold support, the heat leak into the guard col I Is very smal I compared to the main storage 
col I. Thus the refrigeration requirement and the hel Tum Inventory have been neglected. 

Component costs of the guard coi I are given in Table 13, where the same cost factors have 
been used as in Ref. 2 and 3. The superconductor Is not graded, and the dewar Is constructed 
of 0.5-cm-thlck aluminum a·l loy. A vacuum vessel 1 .0-m In cross-sectional diameter leaves more 
than enough space for Insulation and for construction tolerances. 

---~---------

TABLE 13. Component Costs for Guard Col I 

Item 
50-kA superconductlng cable 
Stab! I fzer, fabricated 
Col I winding labor 
Structural support 
Dewar 
Concrete foundations 

Total 

42 

Cost $106 · 
7.8 
1.9 
1.5 
3.3 
1.5 
1.7 

17.7 



COSTS 

The costs provided in the several tables are not on a common basis because of their 
diverse origins and because different contributors were involved with the design. This 
section compiles the costs and adds profit, instal latlon costs, and engineering design costs 
for those items and faci I ities In which they have not already been Incorporated. Engineering 
Is considered to Include complete design and specification ·for manufacture, fabrication, field 
operations, Instal latlon, and construction; architectural services; and project management of 
the SMES system. In Table 14, If profit, Instal latlon, and engineering design costs are not 
I lsted, they are already Included in the base number. For alI Items, additional cost detal I 
can be found In Ref. 2-6 and 8-10. No land costs are Included. 

TABLE 14. Cost of 1-GWh SMES Unit 

Conductor and col I 
Profit on aluminum matrix 
Engineering at 15% 
Winding machine 

Dewar and structural support 
Engineering at 15% 

Cavern 
Cryogenic system 

Transfer II nes 
Valves 
Low-pressure (12.5-torr> pumping system 
1.8-K heat exchanger 
Coo I I ng tower 
He I ium storage dewars 
Liquid hel lum storage pumps 
Refrigerator 
Install at lona 
Englneerlnga 
Helium gas 

Electrical system 
Vacuum system 

Installation 
Engineering at 15% 

Guard coil 
Engineering at 15% 

Total 
$300/kWh 

$106 
72.90 
0.57 

11.02 
3.50 

90.56 
13.58 
33.80 

5.04a 
2.ooa 
3.58a 
1.00 
0.03 
3.60 
1.00 
9.25a 
5.96 
2.98 
1.68 

15.40b 
0.83 
0.83 
0.25 

17.70 
2.66 

299.72 

alnstal lation and engineering are included for these items at 30 and 15%, 
respectively, of their cost. Similar costs for the other Items of the cryogenic system are 
Included in their base costs as given. 

bThls Item Is often assigned as a cost to power Instead of energy. 

The principal costs for the system occur In five areas. These areas are the col I and 
conductor, the dewar and structural support, the cavern or excavation, the cryogenic system, 
and the electrical system. The costs represent current technology and are for a base 
reference design. Materials selection has been for those requiring the least development, 
such as a built-up welded stainless steel dewar. Costs are based upon Information obtained on 
recent purchases, contracts, major Instal lations, and studies conducted for this reference 
design. In some instances the sources of cost data are confidential and the amounts must be 
taken at face value. Engineering costs not originally Included in the base numbers are added 



at 15%. CertaIn I nd I catIons ·,of poss I b I e reductIons are deve I oped and a I ower cost I I st. Is 
presented In Table 15. 

The sIng I e I argest cost for the conductor and co I I at $72. 9 m II I I on Is the 50-kA ,· graded 
superconductlng cable at $43.2 ml I I lon. See Table 3. This amount Is based on present-day 
costs of NbT I superconduc.tor for projects such as the energy-doub I er magnets · for the FermI 
National Accelerator Laboratory and the Brookhaven accelerators. The prospect of reducing 
this cost a factor of 2 In a large scale operation Is credible. The superconductlng cable 
cost Included In the $51.3 ml I I lon for conductor and col I In Table 15 Is thus $21.6 ml I I Jon. 
The major cost saving of using aluminum stab! I lzer Is already Incorporated In Table 14. No 
other significant cost reduction Is anticipated In this Item. 

The dewar and structural support costs I lsted In Table 14 are for a stainless steel dewar 
and G!OCR epoxy fiber-glass structural supports. The fabricated-shape m?1f)lals .cost of $! 
880/m ($0.80/lb) for aluminum Is from an unlnflated 1977 price I 1st and of $17 300/m 
($1.00/lb) for A304-LN stainless steel I~ from a Lawrence L lvermore Laboratory bid quotation 
for the Mirror Fusion Test Facll lty. The cost of G10CR currently ranges from $6 to $17/kg. 
This design study uses $8/kg In Table 14. 

TABLE 15. Revised Cost of 1-GWh SMES Unit 

Conductor and coli 
Profit for aluminum matrix 
Engineering at 15% 
Winding machine 

Dewar and structural support 
Engineering at 15% 

Cavern 
Cryogenic system 

Transfer I lnes 
Valves 
Low-pressure (12.5-torr) pumping system 
1.8-K heat exchanger 
Coo I I ng tower 
He I lum storage dewars 
Liquid hel lum storage pumps 
Refrigerator 
lnstallatlona 
Englneerlnga 
He I I um gas 

Electrical system 
Vacuum system 

Installation · 
Engineering at 15% 

Guard col I 
Engineering at 15% 

Total 
$207/kWh 

$106 
51.30 
0.57 
7.78 
3.50 

42.49 
6.37 

30.00 

5.04a 
2.ooa 
3.58a 
1.00 
0.03 
3.60 
1.00 
9.25a 
5.96 
2.98 
1.68 

15.40b 
0.83 
0.83 
0.25 

10.40 
1.56 

207.40 

alnstal latlon and engineering are Included for these Items at 30 and 15%, 
respectively, of their cost. Similar costs for the other Items of the cryogenic system are 
Included In their base costs as given. 

bThls Item Is often assigned as a cost to power Instead of energy. 
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The revised costs of Table 15 Incorporate other changes. These are a change from a 
stainless steel dewar to aluminum, a support structure material cost of $4/kg based on 
quantity production, and the use of a multlpl ier of 2 for the Instal led cost of 
polyester-fiber glass composite and other materials. The change from stainless steel to an 
aluminum dewar requires a change from a 13-segment to a 25-segment dewar. This occurs because 
the thermal stress is exceeded for an aluminum dewar with fewer segments. 

The cavern costs are fixed mostly by the materials and mining equipment. 
excavation Is doub I ed wIthout additIon a I I abor and equIpment, .. the!] a 
$3.8 mi I lion can be mad~. · 

If the rate of 
saving of about 

The cryogenic system cost Indicates an area for which engineering optimization would be 
most productive. Transfer I lne.costs are based on estimates made aval I able by Cryenco. The 
refrigerator cost, the Instal latlon cost, and the engineering cost are based upon a reasonable 
extrapo I at ion of I ar.ge I I qi.J I d he II um pI ants present I y beIng. I nsta I I ed i.n the UnIted States. 
Optimization would possibly reduce the cryogenic system cost by 15 to 30%; however,there would 
be a compensating lncre~se In the structural support cost for a lower overal I net saving. 
Refrigerator costs corresponding to a reduced structural support thermal conductivity by a 
factor of 2 would change the last I lne of Table 7 to $2.00, 1.42, 2.86, and 6.28 million. 
The total saving In refrigerator cost Is $2.96 ml I I ion • Such an.optlmlzatlon Is not Included 
in Table 15. ' 

The guard coi I . cost has been reduced by changes In both the superconductor and dewar 
costs corresponding to those made above for the main energy storage coi I. 

Thus, based upon the point reference design and on the material 
presented in this .report, the capital cost of storing energy In a 
from $207 to $300/kWh. These values extrapolate Inversely as the 
one-third power. For. a 10-GWh SMES unit the corresponding costs 
C I ear I y, the economy ot" sIze is Important. 

and fabrication costs 
1-GWh SMES system ranges 
maximum energy to the 
become $96 and $139/kWh. 

The possibl I lty of this type of saving being made without an associated Increase for some 
other part of the system Is unl lkely. A more real istlc percentage reduction by optimization 
has been judged to be'nearer. to 20%, although even this appears high for optimization of the 
entire system. On':this basis the u~lt instal led costs. for a 10-GWh system would then range 
from $77 .to $111/kWh. These costs must be recognized as being higher by factors of 2 to 3 
than previously developed numbers. 

CONCLUSIONS 

A SMES system has the potential of providing a very advanced and efficient energy storage 
system for electric uti! ity diurnal load-leveling. The cost of constructing such a system may 
be high. Nevertheless a more thorough engineering design Is warranted. SMES efficiency has 
been reevaluated In a uti I ity operational scenario In a recent study b,y Arthur D. Little, 
Inc. <1£> Comparison. with battery storage underground pumped hydrostorage, compressed air 
energy storage, and. conventional generation capacity shows ·that s·MES Is economically 
competitive and is the most attractive of the large systems when the rated energy del lvered 
per year per unit power capacity Is above about 1750 kWh/yr per kW. See Figs. 3.8 and 3.9 of 
Ref. 12. This result is ·predicated upon system costs lower than those developed here. 
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COMPONENT DEVELOPMENT FOR LARGE MAGNETIC STORAGE UNITS ., 

s. W. Van Sciver and R. W. Boom. 
University of Wi.sconsi n 

Madison, Wisconsin 53706 

ABSTRACT 

A survey of University ·of Wisconsin research and development on components for large scale 
superconductive energy storage units is presented. The major activities involve development of 
the aluminum stabilized-NbTi-composite conductor and the fiberglass reinforced polyester strut. 
Scale models of these components have been produced and tested. Design activities have been 
directed toward consideration of a 15 tunnel design to reduce axial structure. Rock mechanics 
studies of the 15 tunnel design are also reported. 

INTRODUCTION 

The Superconductive Energy Storage Project at the University of Wisconsin was described 
in papers by R. W. Boom and S. W. Van Sciver in the Proceedings of the 1978 Mfc2~nical and 
Magnetic Energy Storage Contractors' Review Meeting, DOE Report CONF-781046.( ' Those two 
papers include a review of technical progress from 1970 to 1978 in the evolution of system 
design and the development ·of components. The conclusions given at that time are: 

1. A one layer, thin wall, high current ·superconductive solenoid is probably the best 
design. 

2. Bedrock structure is needed. 

3. Pool cooling with ·superfluid helium is preferred; 

4. The conductor is a composite of NbTi and high purity aluminum which has full cryo­
genic stab i 1 ity. 

5. The conductor, dewar _and associated structure are to be rippled at approximately a one 
meter radius of curvature •. 

. . 
6. The design is a multi~tu~nel sectored solenoid to save on axial structure. 

In FY-79 the design ha~ been refined, more detailed tunneling. cost studies have been 
undertaken and work on system assembly has been initiated. The conductor and strut development 
has continued through scaled sample tests. Electrical system studies, unit size preference and 
bridge ~o~t estimates have also continued and are presented in a companion paper by J. J. 
Skiles.\3J · ~. · . 

Our present preference is _for units of 5000 MWh size. This size is a compromise between 
less expensive larger units and the need for several redundant smaller units for reliability. 
Relative costs are given in Table 1. The Wisconsin Electric Utility companies have a combined 
peak capacity of 8880 MW installed in 1979. It has been assumed for several years that 
10,000 MWh from storage would be an appropriate amount for Wisconsin. In the past year it has 
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been tentatively decided that the use of two 5000 MWh units would be preferable. Each unit 
would be rated at 500 MW for 10 hour discharge at constant power level and would be discharged 
to 10% of its stored energy daily. ·To account for a residual 10% energy·always in storage and 
to account for losses the actual storage capacity of a unit is 10~15% larger than the amount 
used. Thus the actual size recommended for construction is approximately 5500 MWh. 

Size (MWh) 

10,000 
5,000 
1 ,000 

100 

TABLE 1. Relative Capital Costs* .of 
Superconductive Magnetic Storage Units 

Relative Capital Cost/. 
Unit Energy 

1.00 
1.26 
2.16 
4.63 

*Based on scaling relations presented in Ref. 4. 

We tentatively recommend a 100 MWh model unit as the first storage device to'be built 
after the component development and fabrication phase is completed in FY-83. Successful 
completion of the 100 MWh model would probably be followed by the construction of a 1000 MWh 
demonstration plant. 

DESIGN 

'\\ strat~~~ ~~~~g~i~: ~~el~6~c~~~i~i~~~:~~~n~~~;~~~i~~:~:{5 Jto~:~:n~n!~r~a~a:m~::~i~~~e~~:dd~~~~~d 
a new design which reduces the need for axial structure in the unit. A sketch of this design 
is shown in Fig. 1. There are 15 tunnels arranged in a circular pattern. ·The .resultant 
forces are primarily radial directed outward along the 40 m radii. The orientation of the 

-~ forces normal to the rock structure greatly reduces the shear loading and the need for axial 
structure. The use of many tunnels reduces the accumulation of axial forces by transferring 
these forces to the bedrock more frequently. 

The central tunnels would have their turns wound perpendicular to the minor radius. The 
two tunnels at ±69° would have the turns inclined at about 10° from horizontal. The end 
tunnels at ±90° are 20% larger in diameter with 20% more turns which are inclined at about 40° 
from perpendicular. The above distribution of turns reduces end fields in each tunnel and 
ge.nerally makes the overall flux lines parallel to the winding layer in each tunn.el. The 
parameters are listed in Table 2. 

In comparison to earlier designs approximately the same amount of radial strut material 
is required to carry'the magnetic force to the rock face. The axial strut material is only 4% 
of the previous designs. The savings of axial strut materials is due to the multi-tunnels and 
the circular configuration. The axial cold structure is only l/8 as much as the cold structure. 
for previous three tunnel designs. 
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ALL DIMENSIONS IN METERS 

Fig. 1. Crqss Section of New 15 Tunnel Energy Storage Magnet Design 

TABLE 2. Fifteen Tunnel Solenoid 

Energy Stored 1186 MWh 
Major Radius 120 m 
Minor Radius 40 m 
Total Turns 554 
Turns per Central Tunnel 36 

. Turns per End Tunnel 43 
· Current per Turn 300,000 A 
Central Average Field 2.5 T 
Maximum Field 4.0 T 
Total Radial Force 4.4 X 1010 N 
Total Axial Force 1. 7 X 109 N 
Radial Strut Material* 0.79 X 106 Kg 
Axial Cold Structure* 1.2 X 106 Kg 
Axial Strut Material* 0.03 X 106 Kg 

*Material is polyester fiberglass used at 1.9 x 108 N/m2 

( 27 , 000 psi} • 
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ROCK SUPPORT* 

The tunnels shown in Fig. 1 would be constructed by a Tunnel Boring Machine (TBM) in the 
Sinnipee dolomite of eastern Wisconsin. Such construction is much less damaging to the rock 
fabric at the tunnel perimeter with consequently fewer anomalies in the effective rock properties 
such as rock modulus. 

The support requirements are not onerous. It is anticipated that there will be no dif­
ficulty in ensuring the integrity of rock-bolt support for the life of the facility. All bolts 
are fully encapsulated in resin, which serves both to develop a full anchorage and to protect 
the bolts from ground water. Carbonate rock is a passive environment not conducive to electro­
chemical corrosion of bolts. The rock permeability is generally low enough to ensure that· 
inflow of ground water will be minimal and controllable by grouting. No need is foreseen for 
structural lining of tunnels. 

The average magnetic pressure is 360 psi at 2.5 tesla and 1440 psi at 5 tesla. Taking 
15,000 psi as a rock compressive strength and derating by 50% for 250 years of daily cycling we 
see that a field of 5 tesla can be tolerated with a safety factor of 5. It should be antici­
pated that the effective rock strength is higher than this for Sinnipee dolomite as in crystal­
line rocks and dolomites occurring elsewhere in the U.S. 

The cost estimates are approximately $40,000,000 for the tunnels of a 1000 MWh unit. This 
study includes the cost of shaft construction, support and lining; installation of shaft and 
tunnel equipment; construction of adits, tunnels and inter-tunnel ramps; tunnel support, drain­
age and grouting; and ventilation, temporary lighting, cleanup and equipment operation. There 
are sufficient rock-bolts to provide tunnel support and hangers for mechanical and electrical 
installation (~250,000). The construction period is estimated at four to six years with one 
TBM and three to five years with two TBM's. 

In general, the civil work can be regarded as straightforward without novel techniques. 
The only item which is non-routine is to transfer the TBM from level to level by ramping, a 
maneuver which has been accomplished on numerous projects. The loadings are large but well 
within the capacity of the rock mass to sustain. Fully resin encapsulated rock bolts and 
dowels should have an indefinite life, especially in carbonate rock. Water inflow can be 
controlled by grouting and drained or evaporated away. Earthquake effects are slight for 
buried structures if shears and faults are avoided. 

COMPONENT DEVELOPMENT 

Research and development has been carried out over the past year in two key areas: con­
ductor and structure. An artist conception of how these components fit into the energy storage 
magnet is shown in Fig. 2. The strut, which is approximately one meter in length, is an A­
frame of fiberglass polyester. Cooling tubes are attached to the strut at two locations to 
minimize the heat load at the magnet temperature of 1.8 K. Magnetic force is transferred 
through the strut to bedrock at discrete locations, thus minimizing the need for expensive cold 
structure. 

The conductor is 80 mm in diameter and carries approximately 300,000 A at 2.5 T. (6) Struc­
turally, it is designed to carry the hoop tension between struts and the bearing stress over 
the discrete load transfer points. The conductor is to have full cryogenic stability and to be 
cooled in 1.8 K superfluid helium. 

*- Wisconsin Electric Utility Research Foundation study by T. G. McCusker. 



Fig. 2. Artist Sketch of Magnet and Support Structure 

Structural research has been in the selection of candidate materials and compressive 
testing of. model struts. Conductor work has involved studies of stabilizer, superconductor and 
helium· heat transfer as well as fabrication and testing of assembled model conductors. This 
section surveys the recent work in these two .developmental areas. 

CONDUCTOR 

The Wisconsin conductor design for energy storage contains four components. Current is 
carried by a composite of NbTi in an aluminum stabilizer. The conducting elements are held 
together by an internal structural member or cruciform which is made from high strength 
aluminum alloy. To restrict the high purity aluminum from excessive plastic flQw the super­
conductor, stabilizer and cruciform are surrounded by an aluminum alloy skin.t 7J 

In an effort to understand enhanced current densities in NbTi, transmission electron 
microscopy of four commercial multifilamentary composites of varying composition in the range 
Nb 46.5 to 53 w/o Ti has been carried out.t8J Detailed investigation of the structures found 
in these composites has shown that a-precipitates play at least as important a role as dis­
location cell size in the critical current density. Although this type of study is complex, it 
represents the only reliable method to study changes in current density that result from small 
variations in fabrication and heat treatment. 

To insure stability the sectored composite conductor must have adequate thermal conduc­
tivity in the radial direction. The thermal resistance of the bond between the stabilizer and 
the skin, the thermal conductivity of the skin and the heat transfer to the helium will govern 
the radial flow of heat. The method of joining the conductor components and the selection of a 
skin alloy are thus important considerations. 

The bonding between conductor ~omponents is under investigation to develop the best manu­
facturing and assembly procedure.(9J Radial heat transfer and electrical resistivity studies 
of two component specimens have shown that drawing is far superior to swaging for conductor 
assembly. Swaged samples typically have thermal or electrical boundary resistances between 
components which are one to two orders of magnitude greater than occurs in drawn specimens. As 
a result of these studies, swaging has been eliminated as a manufacturing technique for the 
conductor. 
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Heat transfer studies in superfluid helium have continued to develop further understanding 
of conductor stability in this cooling medium. As was discussed in the 1978 contractors' 
review meeting, peak heat fluxes in superfluid helium have the potential of being two to three 
times that which occurs in normal helium. Design values for full cryogenic stability equate 
the critical heat flux, q, with the joule heat generated when the current in the stabilizer 

where p is the resistivity of the stabilizer and Sis the surface area. Higher heat fluxes 
translate directly to higher overall current densities. 

Recent transient heat transfer studies at Wisconsin have shown further advantage to super­
fluid he 1 i um. An extended pe r iod of "transient stability" appears to exist at higher heat 
fluxes than the steady state peak value. For example, under conditions where the steady state 
peak may be less(th~n 1 W/cm2, heat can be transferred at the rate of 4 W/cm2 for 250 msec 
without burnout. 10) 

The above svbc9ffiponent studies have led to the fabrication and preliminary testing of a 
model conductor.~ 11 J A photomicrograph of the assembled conductor is shown in Fig. 3. The 
conductor was prepared in the University of Wisconsin fabrication facilities. 
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Fig. 3. Photomicrograph of Assembled Model Energy Storage Conductor 

The conductor component was chosen to match as closely as possible the full scale conduc­
tor. A standard NbTi-Cu multifilament composite was chosen as the superconducting component. 
The conductor contains six wires, each capable of 900 A at 4.2 K and 2.1 T. The six web 
6061-T6 aluminum alloy cruciform was manufactured in industry in 4.5 m lengths. The cruciform 
has a 9. 3 mm diameter and a cross sectional area of 23 mm2• The skin and wedge were extruded 
from high purity aluminum with a modest resistance ratio (RRR = p273K;P4•2K) of 150. 
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The fabrication procedure for the conductor is shown in Fig. 4. All components are 
chemically cleaned and mechanically abraided to break the oxide surface. The cruciform, super­
conductor and wedges are then drawn down in the tubing which forms the skin. The first drawing 
step brings the skin in contact with the other components. The second and last drawing step 
brings the conductor to final size and pierces the cruciform into the skin. The piercing 
process insures the formation of an integral conductor with good mechanical and electrical 
properties. 

AI ALLOY 
STRENGTH 

MEMBER 

NbTi/Cu 
SUPERCONDUCTING 

WIRE 

AI ALLOY TUBE 

PURE AI WEDGE 

CLEAN AND PACK 
COMPONENTS INTO 
TUBE 

DRAW UNTIL TUBE CONTACTS WEDGES 

~ 

Fig. 4. Fabrication Procedure Used in Making the Model Conductor 

Planning is under way to test the model conductor in a magnetic field. The design capa­
bilities of the conductor are 5400 A at 2 T and 4.2 K with full cryogenic stability. 

STRUCTURES 

The structural requirement for superconductive energy storage are for a large quantity of 
low thermal conductivity, high load carrying support structure to transfer the radial and axial 
load from the 1.8 K magnet to the bedrock. The following is a list of important criteria for 
choosing the appropriate material for supporting the magnet: low therm~l conductivity, high 
compressive strength, moderate fatigue life, and low cost. 

In order to determine the best candidate material, numerous commercial fiber reinforced 
composites have been tested, both for ultimate strength as well as fatigue life. This work 
has been carried out at room temperature as well as in liquid nitrogen and liquid helium. 
Glass fiber reinforced polyester has evolved as the best material available, because it has 
comparable strength to epoxy-fiberglass and is substantially less expensive. Additionally, the 
polyester appears more resistant to thermal stock than the other composites~ 

Most of these compressive tests have been carried out in rod material. However, the strut 
design which has evolved uses sheets or plates of composite materials. Recent studies hav~ 
begun to look at sheet material both machined into rod and with rectangular cross section.~ 12 ) 
The ultimate strengths of these materials along with previous measurements are shown in 
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Fig. 5. The polyester sheet material is seen to have a lower ultimate strength which appears 
to result from layer delamination. Further work is under way to consider other alternatives 
including the potential of a different strut design. 
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Fig. 5. Ultimate Strength of Composite Materials Tested in Selecting Strut Material 

Recently structures experimental testing has moved from the material selection to emphasiz­
ing testing of actual model struts. One such test, shown in Fig. 6, is a compressive loading 
of the A-frame structure made from EXTREN polyester mat material. A l/8th scale strut, l/2 
scale in all linear dimensions, has been tested in compression at room temperature. Without the 
cross support shown in the figure, the failure mode is buckling since the sheet material is 
too thin compared to its length. This theory was verified in the experimental tests. The 
maximum load that the strut without cross support would carry was 250,000 lbs. 

Buckling problems are serious concerns in the present strut design. These factors have 
led to the possibility of alternative designs using tubes or rod material. This suggestion of 
using rod material is further encouraged by the experimental testing which gave better results 
for rods. 

CONCLUSIONS 

The major achievements during the past year's component development program has been in 
fabricating and testing model conductor and struts. Future work will be directed toward more 
tests of these components and subsequent improvements in design and fabrication based on these 
studies. Further design work will involve studying the multi-tunnel design more closely, both 
for structural requirements as well as assembly possibilities. The ultimate goal of these 
activities is to develop the best components and fabrication technique so that a model super­
conductive energy storage unit can be built. 
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Fig. 6. Model Strut Showing 1/8 Scale Strut Under 1,000,000 lb. Press 
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ABSTRACT 

J. B. Prince, Jr. 
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231 W. Michigan Avenue 
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A report is given of electrical studies at the University of Wisconsin associated with the 
design and operation of superconductive magnetic energy storage (SMES) systems utilized for 
electric utility load leveling. The power delivery capability of the phase controlled thyristor 
inductor-converter (1-C},bridge and the necessity for minimizing or compensating for the reac­
tive power drawn from the power system by.the I-C unit are ide.ntified as major power system 
considerations. A System Planning ~nalysis for &valuating SMES is suggested. 

INTRODUCTION 

Superconductive magnetic energy storage (SMES) designs for load leveling on power systems 
are based on a superconductive coil in a liquid helium dewar.which stores de magnetic energy -
and is interfaced to an electric power system through a full-wave·~ three-phase, Graetz bridge 
capable of reversible converter or inverter operation(l) as shown in.Fig. 1. 

Fig. 1 • 

GRID CONTROLLED REVERSIBLE 
POIIER AC/DC BRIDGE CONVERTER 

TO THREE-PHASE 
A.C. POtiER 
SYSTEII 

-----,.--~-:==r-n 
I 

:DEWAR 

Basic Circuit Elements for Superconductive Energy Storage Inductor-Converter (I-C) 
Unit for Power System Applications 
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The electrical insulating properties of helium limit the allowable de voltage across the 
supercondu~tive coil from less than 10 KV to a few tens of KV in most designs. The economics 
of scalel 2J favor large energy storage capability and units as large as 10,000 MWh capacity 
have been proposed, with power ratings as high as 300 MW to 500 MW. This corresponds to de 
coil currents in the range of 300,000 amperes or more. 

The Graetz bridges use commercially available power thyristors with phase angle control 
to regulate the power through the bridge. Available thyristors do not have 10 KV or 300,000 
amp capacities in single units and consequently the bridges are constructed of a number of 
thyristor modules in series and in parallel to obtain the necessary voltage and current rating 
of the bridge. Continued progress in power semiconductor technology will probably result in 
simpler designs with individual thyristors with higher voltage and current ratings than are 
currently available. · 

The requirement for series and parallel connection of modules, although complicating the 
design, is not all on the negative side. Isolation of failed thyristor modules will permit 
continued operation of the unit at reduced power rating. Also, a variety of control schemes 
are possible with multiple modules that is advantageous in controlling reactive power drawn 
from the system and in minimizing power frequency harmonics introduced into the system. 

The favorable experience with high voltage inductor-converter (I-C) phase controlled 
thyristor bridges in high voltage de transmission terminals and with heavy current pulsed 
power supplies suggests that the Graetz bridge circuit will not be a major design problem in 
full-size SMES storage units suitable for power system use. As will be discussed later, a 
complicating des1gn consideration is the possibility that the I-C bridge should be designed 
for constant power capability while the coil is in the discharge mode. 

MAJOR ELECTRICAL CONSIDERATIONS 

A number of major electrical problems have been identified and reported in the literature. 
Many are interrelated. These problems include: 

1. Bridge kW capability 

a. Constant power 
b. Constant voltage 
c. Hybrid design 

2. Consequences of phase control 

a. Introduction of harmonics 
b. Reactive power problems and power factor control 
c. Choice of control algorithms 

3. Power system operation 

a. Steady-state peak shaving and choice of operating cycle 
b. Use as a regulating machine 
c. Transient over-voltage behavior 
d. System stability considerations 
e. Reliability; forced outage rates and duration of outages 
f. Generation reserve requirements 
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BRIDGE kW CAPABILITY 

Conventional fossil-fueled ana nuclear-fueled generating units can be operated at almost 
all times up to the maximum power capability of the generator. As it is common to think of an 
SMES unit as equivalent to a conventional generator when discharging stored energy, the power 
capability of an SMES unit should be examined. 

The power transferred between the I-C bridge and the superconducting coil is given by 

where ED is voltage across the coil and ID is current in the coil. 

Conventional converters would operate at constant voltage and thus the power capability 
would vary 'linearly with the coil current. As the SMES unit is discharged, the capability of 
delivering three phase ac power to the power system is similarly reduced. This varying power 
capability, dependent on the state of charge of the storage system, represents a new variable 
in the.planning and operation of power systems with SMES installed. 

A s~lution, but costly, is to design the bridge for constant power capability. Transrex 
Division of Gulton Industries has investigated one possible constant power design for the 
University of Wisconsin SMES project. Series-parallel switched groups of converter modules 
were 9l~o investiga~ed by General Electric in a study for the Los Alamos Scientific Labora­
tory.~3J . The configuration investigated by Transrex uses three different thyristor con­
verters (A, B, and C), of different sizes, that can be bypassed or connected in series or 
paralleled to approximate a constant power capability as shown in Fig. 2. 
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Fig. 2. Power Capability Curve 

The conceptual design used to approximate a constant power capability also provides 
another approach to controlling the reactive power drawn by the converter. 
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A hybrid approach to converter design has also been proposed( 4) that would operate at 
constant power from 1.0 pu 10 down to 0.6 pu r0, and at ~2nstant voltage with linearly decreas­
ing current and power capability for 10 less than 0.6 pu. 

CONSEQUENCES OF PHASE CONTROL 

Inherent in phase control of thyristor (or other controllable device) bridges is the 
generation of harmonics of the power frequency and a variation in the reactive power drawn by 
the converter as the power is controlled. 

Harmonic Generation in phase-controlled rectifier-converter circuits is well understood. 
Well known are the techniques of converting three phase power to 12, 24 or higher number of 
phases to eliminate low order harmonics and to minimize the magnitudes of the remaining har­
monics in bridges. Analog filtering and shielding to further reduce the effects of harmonic~ 
on power and communication systems are well known. Active filters have also been studied.~5J 
Experience in solving high voltage de transmission and converter terminal harmonic problems 
is directly applicable to SMES converter harmonics. 

Reactive Power requirements of I-C bridge units require careful consideration because of 
the effect on the associated power system. 

Phase control of a bridge with single thyristor elements in each ann of the bridge gives 
·the semicircular power and reactive power locus shown in Fig. 3. 
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Normal operation is shown as point A for maximum practical power capability. The reactive 
power (VARS or Q) drawn under normal operation at point A is a function of the effective 
commutating reactance even with nominal thyristor control phase angles close to zero. 

As power is reduced, using phase angle control, the real power P and reactive power Q 
follow the semicircular locus to a new operating point A' where the direction of power flow 
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through the converter has been reversed. Reactive power is still drawn from the system, how­
ever. To minimize the reactive power drawn from the. system the phase angle should be close to 
180° (150° or more). Note that operation at iow values of real power with phase angles near 
90° results in excessive reactive power demands on the power system (near 1.0 pu) and must be 
avoided if possible. 

Minimizing or compensating for the reactive power drawn from the power system is a major 
concern. Possible approaches include: 

1. Special phase angle control and/or switching of series-parallel combinations of 
converter bridge thyristor and transformer modules that keep most units operating with n~ar 0° 
or 180° phase angles on the thyristor controls at any time to min1m1ze reactive power.(6J 

2. Voltage tap changing of the transformers connecting the converter to the power system. 

3. Switched power factor correcting capacitors. 

4. Synchronous condensers. 

Voltage tap changing transformers, switched capacitors, and synchronous condensers have 
the disadvantages of cost and operational reliability considerations. The effectiveness of 
power correcting capacitors is reduced during periods of low voltage troubles on the system 
when they may be needed the most. 

POWER SYSTEM OPERATION 

Numerous studies have been conducted on the'application of SMES units to peak shaving. 
A.D. Little investigated several alternative storage cycles in a study for the Department of 
Energy.{7) 

The dynamic p~rformance of SMES units on power systems and.transient over-voltage behavior 
have been studied.t8,9J 

SMES units have the capability of improving the transient stability of power systems 
because they can respond within a few cycles to damp oscillations on the system.(lO,ll) 

Little attention has been given to the reliability, forced outage rates prediction, or 
system reserve requirements with SMES units on a system. However, these characteristics must 
be studied in more detail for proper evaluation of .the value of SMES units and operating 
characteristics of associated power systems. 

SYSTEM PLANNING ANALYSIS OF SMES 

Much of the research to date on SMES has been related to component development and system 
design, studies of the electrical effects on power system and performance of the I-C bridge, 
and system optimization to reduce construction and operational costs. Must of the work on 
system economics has been concerned with general studies of typical systems. 

The optimum kW and kWh ratings' of storage units, and indeed their worth to a utility, can 
only be determined by detailed studies of the particular utility system involved. Utilities 
serving neighboring geographic areas may have quite different daily, weekly, seasonal and 
annual load factors, generation mixes, fuel costs, load projections, etc. 

Whenever a storage unit is first added to a system it is likely that the economics will not 
be optimum if the bulk of the existing generation was selected without consideration for 
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storage. The economics may improve in later years as older generation is retired or displaced 
by newer generating units installed for use with storage on the system. 

Realistic system planning studies of the possible use of storage should cover a time 
period starting when· storage could first be available and continuing over a period of perhaps 
25 years. · 

Parameters for a planning study would include: 

Start with a 1988, or later, system 

• A 25 year planning period 

Use load forecasts including anticipated impacts of time-of-use rates and load 
management 

• Study different storage cycles; daily, 5 day, 7 day cycles 

• Study constant power, constant voltage and hybrid I-C alternatives (unless one alterna­
native is clearly established-beforehand as the best) 

The planning study can be conveniently divided into four major categories: 

1. Preliminary Analysis: Determine 

a. Tolerable range of MW and MWh ratings 
b. Timing of need 
c. Transmission requirements 
d. Regulatory interface: licensing and accounting 

2. Operational Analysis: Study 

a. System losses 
b. System reliability 
c. System stability 
d. System reserve requirements 
e. Operational cycle to be used 
f. Institutional problems 
g. Intangi~le beneffts and costs 
h~ Maintenance scheduling 

3. Economic Analysis 

a. Capital requirements/year 
b. Operational costs/year 
c. Fuel requirements/year 

4. SMES Unit Design Recommendation 

a. MW and MWh ratings 
b. Storage cycle 
c. React iv'e power canpensat ion 
d. Design reliability 

CONCLUSIONS 

The focus of research and development efforts on SMES to date at Wisconsin has been pri­
marily on development of components, optimization of designs to lower costs, and on studies of 
the operating characteristics of SMES units in power systems under normal and abnormal system 
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conditions. These studies have led to refinements in component designs and to better estimates 
of the cost of constructing SMES units. 

Future efforts will include more detailed system planning analysis of SMES units in actual 
power systmes. As SMES units have some characteristics that are not identical to normal system 
generation, new analysis techniques will have to be evolved to aid the system planner. 

The progress of SMES component development, SMES system design and SMES electrical inter­
face design will continue to be closely coordinated and integrated with the SMES electrical 
power· system us~ studies reported. on in this paper. 
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. The·investigation has been essentially completed; the only 
remaining tasks involve editorial modifications of the Draft 
Final Report. Two general questions were examined, they were 
1) if the present conceptual designs and the associated costs 
are correct, will the SMES system be of benefit to the electric 
utilities? and 2) can equipment built according to the present 
conceptual designs meet the utilities' operating requirements? 

To answer the first question, we extended the comparison methodology 
beyond its present state of development. Our analysis shows that 
the SMES system may compete favorably with alternate storage 
systems when all systems are sized to deliver the same amount of 
energy to the load. This favorable outcome is the direct result 
of the high efficiency with which SMES can accept and deliver 
energy. 

To answer the second question, the subsystems and proposed designs 
for the superconducting magnetic energy storage system were 
reviewed. It was clear that several major technical barriers must 
be overcome before a successful SMES unit can be constructed on 
the scale envisioned'by the proponents. Although there is little 
reason to doubt that the technical problems can eventually be 
solved, it is not clear at this point that the solutions will be 
economically acceptable. The major problem areas appear to lie in 
developing a design which can be constructed in the field to meet 
the stringent vacuum performance requirements, with adequate 
reliability and with the ability to be maintained in the event of 
failure. · 
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AN EVALUATION OF SUPERCONDUCTING MAGNETIC ENERGY STORAGE 

Bette M. Winer 
Arthur D. Little, Inc. 
Acorn Park · 
Cambridge, MA 02140 

ABSTRACT 

The object of this investigation into the benefits and likely costs of Superconducting 
Magnetic Energy Storage (SMES) Systems was to determine if continued R&D support by DOE is 
justified. The results of the study indicate that due to the high efficiency with which the 
SMES System could accept and regenerate ac electrical energy, an SMES unit can compete econom­
ically with alternative advanced storage technologies if 1) its capital costs and the efficien­
cies are within the estimated range, and 2) the unit is sized so as to allow it to perform the 
same task proposed for alternative generator types and no more. However, the present SMES 
System design is unlikely to be able to meet the electric utilities' requirements of. reliability, 
maintainability and system protection;and the costs of a unit which ~ould meet these require­
ments are unknown. In addition, there is considerable uncertainty about the design and cost of 
major subsystems and the environmental impact of the magnetic field. Thus, while continued 
support of R&D programs for the SMES system may appear to be justified, the goal of this work 
should be providing information to allow a final assessment of the ability of SMES to help meet 
the nation's future energj ne~ds. · 

INTRODUCTION AND SUMMARY. 

This investigation was undertaken to help decide if additional support from DOE for the 
development of an SMES System could be justified by the benefits that might accrue. Super­
conducting magnetic energy storage involves converting electrical energy into energy stored in 
the magnetic field of an electromagnet constructed of superconducting wire. The key to this 
process is that the storage is essentially lossless because superconducting wire has no· 
electrical resistance to dissipate energy. The chief difficulties 1 ie in the fact that super­
conducting materials lose their electrical resistance only at temperatures near absolute zero; 
thus the entire system must be enclosed in a refrigerated vacuum vessel. Most of the losses 
in SMES are the energy used for running the refrigerator and in converting ac power to de and 
back again. The following areas were addressed: 

1) The present state of technical developme~t; additional development required; technical 
and environmental problems to be solved; realism of assumption that problems can be 
solved at acceptable costs; likely cost of an SMES unit built to the present conceptual 
design. 

2) Usefulness and economic desirability of S~·1ES to the electric utility industry; 
assuming cost to be within the specified range. 

To address the first area, the major subsystems and the proposed designs for the SMES magnet 
were reviewed. Several major technical barriers must be overcome before a successful SMES unit 
can be constructed on the scale envisioned by its proponents. There is little doubt that the 
problems can be solved, but it is not clear that the solutions will be.economically acceptable. 
The major problem areas appear.to lie in designing reliable and maintainable hardware which can 
be constructed to meet the stringent· vacuum performance requirements. (The rresent design . 
requires the magnet to be placed underground with significant impact on fabrication and maintain­
ability.) There is also need for a better understanding of rock behavior under diurnal pressure 
fluctuations over a period of years. The range of capital costs estimated for the present SMES 
System design are in reasonable.agreement with those presented in previous studies; the capital 
cost of equipment designs which meet utility requirements for maintainability and system-
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protection are unknown. 

To decide if SMES systems built to present.designs could be useful and economically attrac­
tive to the electric utility industry, a new comparison technique was developed. We compared 
alternative storage systems sized to deliver the same amount of energy to the load each year; 
except for the storage systems under evaluation, the power system characteristics were the same 
for each case. This approach extends the techniques previously used to compare energy storage 
systems to the next level of complexity. The results of our analysis show clearly that SMES 
systems may indeed compete economically with alternative storage and conventional power systems. 
This favorable outcome is the direct result of the efficiency with which SMES can accept and 
deliver energy. 

SMES SUBSYSTEMS 

* An SMES system will consist of the following major subsystems. 

o The superconducting magnet 
o The cryogenic container 
o Struitural containment for the magnet 
o Refrigeration and vacuum systems 
o Power conditioning equipment 

These will each be discussed in the following paragraphs. 

The Superconducting Magnet System 

The Superconducting Conductor 

Historically, whenever a superconductor, like NbTi or Nb1Sn, is e,xpected to carry large 
currents, it is stabilized by encasing it in copper to prevent thermal run-away should the super­
conductor revert to the normal phase with normal ohmic resistance. 

In principle, aluminum is an attractive alternative to copper because it is much less 
expensive. Unfortunately the successful use of aluminum-cladded superconductor requires the 
resolution of unsolved metallurgical problems. If these are resolved, the cost of aluminum 
stabilized conductor should be reasonably close to the predictions of its proponents. If copper 
must be used, conductor costs will be substantially greater. 

Two types of conductor designs have been considered for use in the SMES magnet: modular, 
copper stabilized conductor and monolithic, aluminum stabilized conductor. The modular design is 
attractive because the basic modules could be manufactured off-site and shipped to the site in 
relatively long lengths for final assembly. Thus, critical proce~sing_ would ~e performed in_a 
facility designed for quality production. Monolithic conductors would need either on-site man­
ufacture or manufacture in short lengths and on-site assembly with a large number of conductor 
joints. Both of these alternatives are riskier than the modular design. 

t-1agnet Design 

The present conceptual designs for the magnet are scaled-up versions of smaller magnet 
designs, i.e. either a single solenoid or the segmented solenoid shown in Figure 1. However, 
the designs have been driven by economic considerations to sizes for which .there is no experience 
(See Figure 2}. Thus; it cannot be stated unequivocally that a large SMES magnet can be built; 
nor is there experience to determine the service reliability of equipment built to these 
specifications. The cost of a more self-evidently maintainable design might eliminate the 
SMES from economic competit;i:on. · · · · · · · 

* R. W. Boom, "Superconductive Diurnal Energy Storage Studies," Proc. of the 1978 Mechanical 
and Magnetic Energy Storage Contractors' Review Meeting, Oct. 1978, Luray, VA., U.S. Dept. of 
Energy Report CONF-781046 and personal communication giving revisions to March 1979. 
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·i Figure 2. Radius of St~ES vs. Energy Storage Capacity and t-1agnetic Field for Solenoid 

The University of Wisconsin has considered how to provide for magnet protection and con·dnued 
operation should a portion of the superconductor fail. The magnet 1s to be separated into twen-ty-· 
four independent sections (with separate dewars and leads) with multiple shorting switches to 
allow each section to be discharged independently. However, the discharging of one section and 
the shorting of others would result in unbalanced forces. The integrity of the support struts . il 
and rock under these conditions is questionable; if the failed section is not to collapse, 
additional inter- and intra-coil structure may be required. The cost of this str_ucture might 
be prohibitive. 

The proposed. underground plac~~ent_of th~ SMES resulted from analyses indicating that the 
cost of structu'ral containment above ground waul d be prohibitive. The proposed use of rock 
confinement and support implies that a large portion of the magnet might have to be disassembled 
in order for any repairs to be affected. Providing for component replacement in the underground 
environment may well cost more than above~ground placement. Another option might be to reduce 
or internally balance the forces sufficiently so as to allow for above.-ground placement at 
reasonable cost. 

I 
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Cryogenic Container 

The proposed cryogenic container design is notable in three important aspects: 

1 ) 

2) 

3) 

its size and the fact that it must be erected in the field; 
a requirement to withstand substantial diurnal pressure variations, and 

p 
the liquid superfluid helium bath at 1 .a·K. 

Despite the very large scale-up from existing dewar systems, it appears that a large-scale 
system can successfully retain superfluid helium for long periods of time provided (1) the 
mechanical details of the system are thoroughly tested in the laboratory and o·n small-scale 
production assemblies; (2) the field fabrication is performed by skilled technicians under close 
supervision; and (3) as the system is constructed, the plating and welds are rigorously tested 
by x-ray and vacuum mass spectrometer leak• detectors. 

The existing designs for the superfluid helium dewar and vacuum container could probably 
not be rigorously tested for vacuum leaks under field assembly, or, in the event of failure, 
be repaired in the field. It is not clear how closely a more seif-evidently reliable 
design will resemble those used for cost estimates and for this evaluation. Thus it is 
difficult to put limits upon a variation from present cost estimates. Little is presently 
known about the ability of aluminum cryogenic containers to withstand flexing for many cycles 
over long periods (104 cycles in 30 years) and retain their integrity. 

Structural Containment of the Magnet 

There. is very little information available on the ability of rock to withstand the large, 
daily-cycled stresses proposed to be imposed on the walls of the cavern which cycle daily. This 
question has been investigated at the University of Wisconsin, but few definitive answers have 
been obtained to date. 

Two recent independent engineering estimates of the cost of exc~vat~on agr~e reasonably 
well both in cost estimate (about 25% of the total SMES project) and in acknowledged uncertainty 
(about a factor of.two). The large cost uncertainty derives from the difficulty in estimating 
subsurface conditions in advance. In addition, these estimates rest on a number of optimistic 
assumptions concerning the following areas: · 

(1) the excavation volume required for a reliable and field maintainable SMES, 
(2) water seepage during the construction and operation phases, 
(3) the rock treatment required to resist cyclic ·magnet loads over many years. 

It appears technically feasible to place a SMES under ground but with large uncertainty in cost. 
It is imprudent to assume that no new geotechnical problems will arise during system life; 
accessibility to the underground. space after the magnets are installed may be critical. These 
factors make it extremely difficult to reliably determine excavation costs at this time. 

Refrigeration and Vacuum Systems 

The refrigeration and vacuum systems being considered for SMES differ from current commercial 
and industrial practice only in scale and performance. The refrigeration system is the source of 
the major energy loss in the system and must therefore be designed for optimum efficiency. No 
major scale-up difficulties are expected. 

Power Conditioning Equipment 

The two types of power conditioning systems (ac/dc convertors) investigated for SMES are 
characterized either by: 

o constant voltage across the magnet- implying that the unit's power delivery or 
charging rate capability will depend on the SMES state of charge, and 
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o constant input/output power capability - independent of SMES state of change but 
implying higher cost. 

Bbth·~pproaches use relatively conventional Graetz bridges with solid-state thyristors. All 
present utility generators have a constant power capability. Units may be derated temporarily 
because of maintenance problems, but this is easily accommodated. A unit whose power rating 
varies continuously during the day is far beyond utility experience and would require additional 
system reserves to maintain system integrity. General Electric estimates that constant power 
conditioning (I /I . = 3,) will cost $60-80 per kW. More importantly, the General Electric 
converter desigWax .mJnrequires the magnet to withstand 17 kV across the terminals. The present 
University of Wisconsin SMES design could not tolerate such a high voltage. The baseline design 
being investigated by Los Alamos could tolerate such a voltage and is more expensive. 

The conversion efficiency at these high-current, low voltage systems. has been estimated 
betwe~_n _9fi.5% and 98.5%. This would yi~ld a round-trip 'effic.ienc.v between 9~% anc;! ~7%.. 
As will be shown later, the economic analysis is relatively insensitive to the exact magnitude 
of the efficiency for most of the situations considered. 

System Costs 

In accordance with the conditions of this study,we have not developed SMES capital or 
other costs ab initio.· The starting point was the co~ts estimated by the University of 
Wisconsin for its most recent "Revised Design, 1978." We have scrutinized the methods of 
estimation and the date supporting these costs. For each subsystem we used University of 
Wisconsin sealing laws to develop our own estimates of potential cost variations. (The 
"-baseline" unit for cost estimation purposes had a storage capacity of 10 GWh at a magnetic 
field of 2.5 T *) The results of these calculations ,are presented in Figure 3. The capital 
cost may be as high as $120/kWh for the smallest unit considered and as low. as $34/kWh for the 
largest. These costs are very similar to those estimated by previous reviewers of this 
technology. 

* 

Figure 3. 
SMES System Capital Costs 
(1976$) vs Storage capacity 
and Magnetic Field 

Ibid. page 2. 
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** R.W. Boom et al; "Magnet Design for Superconductive Energy Storage for Electric Utility·Systems," 
Proc. of. Conference on Superflywheel and Superconductive Storage, Asilomar, CA., Feb. 8-13 1976. 
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Environmental and Safety Problems 

These problems stem from the presence of the stray magnetic field of the solenoid. At 
ground level the magnetic field of the baseline design ranges from approximately twice that of 
the earth's field at a distance of 2,800 meters from the center of the solenoid to 1 600 times 
the earth's field directly above the magnet. ' 

The fi:ld of the coil will remain at 1 Gauss (2 times the earth's field) or higher within 
a.volume wh1ch extends to a height of approximately 2,600 meters above the surface of the earth 
d1rec~ly over t~e center of the coil. The presence of this field may affect: animal life 
(part1culariJ'y b1rds), mankind and devices which mankind uses, and instrumentation (e.g. magnetic 
c~mpasses used by aircraft). Available information suggests that human exposure to fields as 
h1g~ as.lO~ Gauss may not be h~rmful .provided the exposure is not excessively long; other infor­
matlon 1nd1cates ~ls~ t~at equ1~ment such as cardiac pa~emakers may operate in fields up to 
~0 Gauss. Ther: 1s no 1nformat1on on the effects on an1mals of magnetic fields. Clearly then 
1t.~ould be des1rable to ensure that a region at least 1,200 meters in radius (the 10 Gauss 
rad1us) should be closed to access by man and perhaps animals at ground level. Air space closure 
is a more different question requiring further investigation. 

COMPARATIVE ANALYSIS OF ELECTRIC UTILITIES STORAGE SYSTEMS 

Generation capacity, once purchased, is scheduled for operation to minimize the 
operating costs of the system; thus, Oferating decisions are based only on the 
variable or deferrable operating costs .of the various facilities. Thus, the energy 
any generating plant will deliver during its life depends on 1) system load as a 
function of time and 2) the relative operating costs of all other generators in 
the utility system. The "cost" of energy from a storage generator is equal to the 
cost of the energy delivered to storage during the charging portion of the cycle 
(Me) divided by the cycle efficiency; the "value" of energy from a storage generator 
is equal to the cost of delivering this same-energy from conventional sources (Md). 
Storage use is determined by the criterion that the marginal "cost" of the stored 
energy should be less than or equal to its marginal "value". Additionally, the 
limits on power and energy capacity cannot be exceeded and the energy placed into 
stora~e multiplied by the cycle efficiency must equal the energy taken out of storage. 
These constraints are indicated in Figure 4. 

The limited energy capacity of the storage reservoir can help determine the "value" 
of the stored energy. When the energy in the reservoir is limited, the schedule is 
set so as to obtain the highest possible "value" for the stored energy. Higher "value" 
for the limited stored energy can be obtained by saving it to displace only the most 
costly conventional generation. When the "value" of the stored energy is increased, 
the maximum acceptable "cost" of the stored energy is also increased when considering 
storage operating over a weekly cycle (see Figure 5). This fact results in a strong 
interdependence between the efficiency, reservoir capacity and the amount of energy 
delivered. 

The two curves beginning at point A in Figure 5 are for two different types of 
storage units with different cycle ·efficiencies but charged with the same amount of 
energy at the beginning of the week. Since the amount of week-night recharge energy 
that can be economically justified for the less efficient unit is less than that for 
the more efficient unit, the less efficient unit runs out of energy before the end 
of the week. In order to avoid this, it would have had to start with more energy 
in the reservoir (dotted line beginning at point B). If the reservoir of a particular 
type of storage unit is small enough to justify full charge and discharge of the unit 
each day, the amount of energy that can be delivered becomes a simple function of the 
reservoir capacity. However, if there is either an increase in the amount of energy 
to be delivered or a decrease in the amount of high cost energy to be displaced, the 
less efficient machines will have to be larger, possibly large enough to operate over 
the weekly cycle and then the required storage capacity would be an extremely sensitive 
function of cycle efficiency. · 
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In this study, the economics of various storage systems are compared; each system 
is sized so that it delivers the same amount of energy to the load under simulated 
utility operations. The major difference between the present study and previous compara­
tive analyses of storage systems is that previous studies assume that the amount of 
energy delivered from storage depends~ on the size of the storage reservoir and not 
on cycle efficiency. For example, Public Service Electric & Gas** (PSE&G) assumed that 
all storage systems sized to be capable of producing power at full/ power capacity for 
two hours without recharging would deliver energy to the load equivalent to discharging 
at full capacity for 400 hours a year. Similarly, if a unit was sized to be able to 
produce power for five hours without interruption, it would deliver energy equivalent 
to operating the unit at full capacity for 1,000 hours per year. 

Figure 4. Constraints on the Economic Use of Storage 
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Figure 5. Energy in Reservoir as a Function of Time During the Week for Two Storage Systems 
with .Different Cycle Efficiencies - Equal Energy to the Load 

* The cost of operating the SMES refrigeration is a. constant, not a variable or deferrable 
cost. 

**"An Assessment of Energy Storage Systems Suitable for Use by Electric Utilities", 
PSE&G, EPRI EM-264, ERDA E(ll-1)2501, July 1976. 
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The present study does not accept the previous assumptions, but extends the analysis 
to the next 1 eve 1 of comp 1 exity. Using a mode 1 utility and a mode 1 1 oad, we first 
calculate the capacity of storage generators required to deliver specific amounts 
of energy to the load as a function of the cycle efficiency of the storage system. 
The economic comparisons between different types of storage and conventional generators 
are then performed for these appropriately (not equally) sized units and, thus, makes 
the correct allowance for storage efficiency. 

While the storage cycle efficiency, the ratio of the amount of energy available 
from the storage reservoir to the amount of energy delivered to the storage reservoir, 
is an important determinant of system usefulness, it is neither the only efficiency 
associated with storage nor need it be the only determinant of the "value" of the stored 
energy for a specific utility. This distinction is important for two of the candidate 
storage systems - Superconducting Magnetic Energy Storage and Compressed Air Energy 
Storage (CAES). The former requires electrical energy in order to maintain its low 
temperature but this is unrelated to the decision to operate, and the latter requires 
the use of costly fuel in order to discharge; neither of these requirements is reflected 
in the cycle efficiency. The cost of the fuel required to discharge CAES needs to be 
considered when calculating the marginal "cost" and "value" of the stored energy. 

SIMULATION OF UTILITY OPERATIONS 

In this study we used simplified models of the utility load and generation costs 
in order to obtain an estimat~ of the energy economically available from a specific 
storage unit. The following assumptions were made: 

A) Assumptions Concerning Power Demand 

1 The fractional variation of power demand with time would not change with 
the years, i.e., the shape of the load curve is constant from year to year. 

1 The ratio o'f storage capacity to the model utility's yearly peak demand 
would not change. (This would be the case if there were no growth in 
power demand or if sufficient storage generation capacity were added each 
year to keep pace with power demand growth.) 

B) Assumptions Concerning the Economics of Conventional Generation 

• The operating costs of all conventional generators will increase at the· same 
exponential rate. 

• Additions of generating capacity would maintain the assumed dependence 
of incremental operating costs on power delivered. 

1 Units are removed for scheduled maintenance so as to leave unchanged 
the dependence of the incremental cost of energy from conventional 
generators on the power delivered, expressed as a percent of seasonal 
peak demand. 

The composite result of these assumptions is that a simulation of utility operations for 
one year is equally valid for all years within the planning horizon. In these calcula­
tions it was assumed that the utility generation mix contained a storage system with 
a power capacity of 500 MWe (6.25% of the year;y peak demand.* Using these assumptions 
the amount of energy that can be economically delivered to the load from a storage system 
with a given size of reservoir and input/output efficiency can be calculated. These 
values can be manipulated and plotted to yield Figure 6, a plot of the storage reservoir 
capacity (in units of hours of storage capacity) required for the delivery of specific 
amounts of energy each year plotted against the cycle efficiency. The curves in 

* For a complete description of the assumed electric utility load and costs, see "An Evalua-
tion of Superconducting Magnetic Energy Storage - Draft Final Report", ADL, July 1~ 1979. 
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Figure 6 have a number of interesting characteristics. These characteristics, their 
origins and implications are pointed out in the following paragra~hs. 

A maximum useful reservoir capacity will exist for every type of storage system. 
The maximum useful reservoir capacity for any type of storage system is a function 
of the cycle efficiency. The higher the. efficiency of the storage unit, the greater 
the amount of storage capacity that can be economically used. As the efficiency 
increases, the amount of energy that can be economically diverted to storage increases 
and, consequently, the greater the amount of energy that can be delivered. 

There is a value of efficiency for which the maximum useful reservoir capacity 
is identically zero. It is defined as the minimum marginal cost of off-peak energy 
(10 mills for the sample utility) divided by the maximum marginal cost of the peaking 
energy (30 mills for the sample utility), both from the conventional generators. Thus, 
for the sample uti_lity, storage systems with cycle efficiencies less than 33% would have 
a maximum useful reservoir size identically equal to zero. This implies that no matter 
what its size, it would never be economically desirable to operate a unit with this 
efficiency.. -- · 

Storage systems with very small reservoir capacities are emptied and refilled each 
day. For these units, the marginal value of stored energy need only be greater than 
its marginal cost; thus, the amount of energy delivered during the week is only a 
function of the size of the .reservoir a.nd is insensitive to the magnitude of the 
efficiencj (the.flat ~ortions of contours in Figure 6 are for daily cycling). If 
the efficiency is low enough ·so that, for fixed values of marginal value and delivered 
energy, the marginal costs and values are equal, the system must operate over the 
weekly cycle; the size of the required storage reservoir must rise in order to allow 
this. Once the weekly cycle, rather than the daily charge/recharge cycle, is required 
in order to deliver the specified amount of energy, the situation corresponds to that 
illustrated in Figure 5 and the required size of the reservoir becomes very sensitive 
to the ~a~e_gf ___ the_cycle~ffjci~ncy: . · 

' The Compressed Air Energy Storage (CAES) system requires .the burning of fuel to 
discharge the reservoir and thus does not have a well defined .cycle efficiency. The 
size of the reservoirs required to deliver the specified amounts of energy to the load 
were calculated for the postulated system energy requirements; the results are plotted 
as x's in Figure 6. 
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Figure 6. Required Storage Capacity as a Function of Cycle Efficiency for Assumed Values 
of Delivered Energy -- Pd(max) .0625 x L(max) 
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No matter how large the storage reservoir, for any given utility there is a maximum 
amount of energy that can be delivered economically from a storage generator having a 
specific cycle efficiency. For the utility modeled here, a storage generator with 
cycle efficiency of .8 and maximum power rating of 500 MWe c·annot economically deliver 
more than 1300 GW-hrs per year; it would be cheaper to use conventional generation 
capacity to meet a greater need. 

The storage reservoir capacity needed to allow a storage· system with a certain 
efficiency, to deliver a specific amount of energy each year to the load is obtained 
from Figure 6 and listed in Table 1 for the different types of storage. Using the 
storage system costs given in Table 2, the range of total capital costs for each type 
of unit was calculated. The "present worth of all future revenue requirements" (pwafrr) 
for each type of plant operating in the expected manner were calculated using specific 
financial assumptions.* 

The assumption was made that the cost of off-peak energy is the same for all candi­
date storage systems.· The assumption is very close to being strictly true if all 
storage systems are op~rating on a daily cycle; the amount of off-peak energy required 
is very small and its cost varies very slowly with variations in the amount required. 
(the amount required is inversely proportional to the cycle efficiency). When.comparing 
one storage system operating over a daily cycle with another operating over a weekly 
cycle, the situation becomes more complex; the energy used to partially recharge the 
reservoir during weeknights has a higher cost than the energy used to completely 
recharge this same unit during the weekend. Calculations of the weighted average 
of the marginal costs of off-peak energy for a number of circumstances indicates 
that they are all within 1 mill/kWh of the·assumed 15 mills/kWh. The weighted cost 
of the off-peak energy for the more efficient equipment (e.g., the SMES) sized to 
operate over a daily cycle, is less. Ignoring this difference introduces a slight 
bias against the more efficient equipment. 

A second assumption was that the type of generation capacity displaced by storage 
depends only on the amount of energy delivered from storage; this assumption acknowledges 
those provisions of the Industrial and Utility Fuel Use Act of 1978 which ·do not allow 
the construction of oil-fired generators expected to operate more than 1500 hours per 
year. Thus, the type of facility being displaced and its value can be assumed to depend 
only on the amount of energy delivered by the storage unit. 

The "pwafrr" for each type of storage system was divided by the total energy delivered 
during the life of the plant and subtracted from the appropriate levelized life cycle 
costs for conventional generators performing the same service. The results are presented 
in Figure 7. The empty boxes are the values for these storage systems if their cycle 
efficiencies are at the high end of the ranges** indicated in Table 1; the shaded boxes 
are the results if the lower efficiency had been used. The width of the boxes reflects 
the uncertainties in the capital costs of the various units (Table 2). 

Figure 7 indicates that if the SMES system can be constructed for the estimated costs 
and if the SMES system cycleiefficiency is above 90%, it will be able to compete econ­
omically both with conventional generation capacity and with the other candidate storage 
systems. That it can compete when the reservoirs are small and the amount of energy 
delivery each year is low is not surprising; several previous studies have shown this 
to be true. The prediction that the SMES can compete for high energy delivery rates 
is a new result; its competitive edge derives from the. fact that the other storage 
systems require a weekly cycle and a large res€;"vbir to perform a task while the SMES • 
system can perform the same task using a series of daily cycles and a small reservoir. 

* 

** 

For a detailed listing of the financial assumptions, see "An Evaluation of Superconducting 
Magnetic Energy Storage- Draft Final Report", ADL, July 1, 1979. 

For CAES, the empty box represents the situation where extra fuel is required to discharge 
the reservoir and the shaded box represents the situation where no fuel is required and 
the cycle efficiency is 70%. 
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Table 1. Required Storage Reservoir Size Storage Generation Equals 6.25% of Maximum Load 

Storage· Type Efficiency Energ~ Delivered Reguired Storage Ca~. 
Per Year 

(kWh per kW cap.) (kWh cap. per kW cap.) 

Underground Pumped 
Hydrostorage .67 - .72 1000 3 

1500 4.5- 7.5 
2000 9.5 - 20 

Compressed Air 
Energy Storage • 7 - (A) 1000 3 

1500 4.5 .,. 5 
2000 9.5 - 14.5 

Batteries .75 - .8 1000 3 
1500 4.5 
2000 6.5 - 9.5 
2500 14.5 - 22 

Superconducting 
Magnetic Energy 
Storage 

. 93 - . 97 1000 
1500 
2000 

3 
4.5 
5.5 

2500 7 
3000 8.5 - 9.5 
3500 11.5 - 17 

(A) Every kilowatt-hour removed from storage requires .742 kWh of electrical energy to be 
placed into storage plus the combustioD of 3980 Btu's of fuel. 

Table 2. Assumed Costs of Storage Alternatives 

Cp$/kW Cs $/kW Fixed1 Charge 
O&M1 Storage Type Rate 

1. 

2. 

3. 

4. 
5. 

UPH 115-1502 12-162 .21 $1.6/kW/yr 

CAES 215-3052 2-52 . 18 $5.3 mil is/kWh 

Pb/H+ Bat~. 60-902 .50-702 .21 $2.7 mi 11 s/kWh 

Adv./Batt. 60-902 20-402 . 18 $2.7 mills/kWh 

SMES 

Sour11e: 

Source: 

Source: 

Source: 
Source: 

60-803 36-1244 .22 $3.2/kW/yr5 

Public Service Electric and Gas Co., "An Assessment of Energy Storage Systems 
Suitable for Use by Electric Utilities", EPRI EM-264 and ERDA·E(ll-1)-2501, July 1976. 
The Aerospace Corporation, "Characterization and Applications Analysis of Energy 
Storage Systems", Aerospace Report No. ·ATR-77(7538-1), December 1977. 
General Electric, "Design Study - Thyristor Converter Stations for Use with 
Superconducting Magnetic Energy Storage Systems", Order No. L68-27996-l, Nov. 1978. 
Costs used include~ economies of scale and are indicated in Figure 3. 
$3.2 kW/yr ~the cost of energy used to run the vacuum and refrigeration equip­
ment. The latter is assumed'to be 2¢/kWh and to increase at the ·rate of 8% per 
year. The fixed O&M cost is twice the O&M cost assumed by PSE&G. Both figures 
are relatively arbitrary; we are slightly more pessimistic thanwas PSE&G. 

78 



I:] MICH.lmCIOCT 

' ·m LOw f"'ICIPICT 

--------:--

-JO ·20 ·10 
UMATi~AC:'!VE " Mill'l/KWflt 

1500 

2000 . 

5000 

5!500 

,. lO 
ATTAACnVE 

Figure 7. Levelized Life Cycle Cost,Differen2e Between Storage and Conventional Generation 

FUTURE R&D REQUIREMENTS 

Any future work to develop a large capacity SMES for utility load leveling service should 
logical,ly contatn the following four elements. 

1. 
;'·.' 

2. 

3. 

4. 

Development of a bas~line system design to meet utility operating require­
ments and specified objectives for construetabil ity, maintainability and 
system protection. 

Experimental and analytical research in key areas to achieve the objectives 
'of the baseline system at reasonably predictable costs. 

Revision of the baselinP rlesian in light of the· rc~cJrch re~ults. 

If the revised baseline desig~ appears to meet cost contraints, the 
:construction,·· test and operation of a small demonstration unit. 

The first· two elements shoul.d be done at the same time and in close collaboration, the 
results of each acting •. as· a .. guide fQr. the ·other. 
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PROJECT SUI4MARY 

Project Title: "Force Balanced Magnetic Energy Storage Coil" 

Principal Investigator: O.K. Mawardi 

Organization: Case Western Reserve University 
University Circle 
Cleveland, Ohio 44106 

Project Goals: A preliminary feasibility study has been completed to determine the 
economics of a novel design of a superconductivity coil to be used 
for magnetic energy storage.· 

Contract Number: 

Contract Period: 

Funding Level: 

Funding Source: 

The Force Compensated coil is made up of.two coil systems with a 
mechanical structure tying them together and subject to opposing 
forces generated by the two coils. 

Since the structure is self-contained within its cryostat, it is 
possible to exceed the fundamental material limitation on inductor 
size. Furthermore, the structure can be made considerably smaller 
than that needed for conventional coils. 

The economies of this system is shown to be capable of achieving 
savings of upwards,of 40% when compared to a conventional system. 

LASL - 1996H 

FY'78 

$40K 

U.S. Department of Energy, Division of Energy Storage Systems 
through the Los Alamos Scientific Laboratory ' 
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A FORCE BALANCED MAGNETIC ENERGY STORAGE SYSTEM 

0. K. Mawardi, H. Nara and M. Grabnic 
Case Western Reserve University 

Cleveland, Ohio 44106 

ABSTRACT 

~novel scheme of constructing coils suited for inductive storage system is described. By 
means of a force-compensating method, the reinforcement structure can be made considerably 
smaller than that needed for conventional coils. The economics of this system is shown to be 
capable of achieving savings of upwards of 40% when comp~red to a conventional system. 

INTRODUCTION 

The use of energy storate systems is recognized, nowadays, as an accepted procedure for 
the load levelling of an electric power generating network.(l) One specific scheme of energy 
storage, viz., the superconducting magnetic energy storage systems (SMES) has attracted a great 
deal of attention.(2) This is because SMES offer some very desirable operational features from 
the point of view of siting advantages, minimal environmental impact, rapid dynamic response 
and high efficiency of performance. 

The earlier studies on SMES concentrated on inductors of conventional shapes.(3) Al.though 
several magnetic and support structure configurations were considered with a view towards 
minimizing costs, it became apparent that for the energy storage capacities of interest to the 
utilities (i.e., in the range 10 to 10,000 Mwh) the cost of the support structure for the magnet 
exceeded by far the cost of the cryogenics as well ·as that of the superconductors. 

In order to sustain the very large mechanical forces between the conductors it was pro­
posed (4) to use bedrock for the former of the magnets. The resulting increased cost of this 
methqd of construction places SMES at an eco~gvic disadvantage by comparison to other energy 
storage systems, hydroelectric for instance.t5J 

Recently, a novel scheme for an economically acceptable magnet support structure was 
suggested.{6J Preliminary calculations indicated that with this sche~e the cost of the struc­
ture could be reduced by a substantial fraction. In this paper more precise estimates for the 
cost of the structure have been obtained. These estimates were derived on the basis of a 
preliminary feasibility study which is described here. 

·UNDERLYING CONCEPT OF.NEW.SCHEME 

The concept of a force-free coil is not new. Fermi and Chandrasekhar(l) in particular have 
speculated on the configuration of current carrying plasmas in which the currents and their 
induced magnetic fields are everywhere parallel. This idea was later extended to coil design. 
The configuration of a force-free coil is inferred from the solution of the equation 

J X B = 0 (_1) 
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' One special solution of Eq. (1) is a helical conductor of infinite length and wound with 
a pitch of 45° on a cylindrical former (Fig. la). The combination of several helical conduc­
tors all wound with the same pitch and on the same cylindrical former is also force-free. It 
is noticed that all these coils are equivalent to a current in the axial direction ~nd another 
current in the azimuthal direction. 

Suppose that one constructs an array of two sets of conductors. The first consists 6f 
axial conductors placed on a cylindrical former, while the second set consists of circular 
coils wound on the same cylindrical former but nested inside it (Fig. lb). If the surface 
current densities for the two sets of conductors are equal, then the combination of the two 
coils is force-free. In this manner the single force-free coil has been transformed in two 
coils which are force-compensated. · 

/ 
:OO.r-

-:::;:,;;.. 

IJ I I 

:.:::.. 
!l' 

'"'----

..... L-

(a) (b) 

(c) 

Fig. l(a). Helical force-free coil wound with a pitch of 45° on a cylindrical former; 
----. Fig. l(b) Force-compensated coils consisting of azimuthal and axial 

conductors; Fig. l(c) Force compensated coils of toroidal shape. 

Whereas.coils of infinite length are truly force-compensated, coils of finite length are 
not because of the fringing of the magnetic field at the ends. To obtain a physically realiz­
able force-compensated system of finite dimensions, the infinitely long cylinder is transformed 
into a torus. It can be shown, that the transformation required to preserve Eg. (1) will lead 
to a torus with a cross section as'shown in Fig.· (lc). By inspection of Fig. tlc) it appears 
that indeed the forces from the two sets of coils (poloidal and toroidal) do Qppose and compen­
sate each other. The details of a formal proof has been published elsewhere.l.BJ 
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DESIGN FEATURES OF THE SYSTEM 

The feasibility study reported here was performed for a SMES of 10 Mwh capacity and for 
which the maximum magnetic field was 5 teslas. Since, half· of the energy is stored inside the 
torus (i.e., contributed by the poloidal coils) while the other half contributed by the 
toroidal coils is ouside the torus, one readily finds that the mean major radius required is 
20m. The accurate shape and dimensions for the poloidal coils are shown in Figure 2. The 

Fig. 2 Shape of poloidal coils and critical dimensions. 

profile of the cross section is given in parametric form by the cartesian coordinates (see Ref. 
8) 

X = exp (60.99 - 6.6 COS~)/20.36) 

y = 6.6 sin ~ 

(2) 

(3) 

where ~ varies between· 0 and 2'1T. 

a) DESIGN OF POLOIDAL COILS. 

Having defined the dimensions of the poloidal coils one needs to determine the cross 
section of the conductors, as well as the number of ·poloidal coils to store the stated energy. 
It is convenient to design the coils such that one layer of conductors will be sufficient to 

. produce the required magnetic field of 5 T. It can be shown that if on~ defines the conductor 
size by a x b where a is the thickness of the conductor and b its width then one can show 
that the number of turns N satisfies the equations 

N = 
2'1T ~o Rmin Q q2J 

8max a · 

and N = 2'1T Rmin q/a 

In the above Rmin = 16.53 m, Bmax = 5 T ,. ~0 = 3'1T. x 10-7, q is the 
taken as 90%; and J the allowed current density is 3000 amps/cm2 
hand is found from 
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(4) 

(5) 

space factor for winding and 
The total current on the other 



4.16 X 108 
I . = N (6) 

5 . 
If we set I = 10 amps, it follows that N = 4160 turns, a= 2.28 em and b = 14.6 ems. The 
conductors are proposed to be constructed of individually insulated subconductors each of 
whick is separately cryostable when carrying a fraction of the total current. 

b) DESIGN OF TOROIDAL COILS 

When the number of discrete toroidal coils is selected, the number of turns for toroidal 
coil is fixed from.the force-compensation requirement. A more stringent criterion, however, 
is found fran stress consideratfons. Each of the peloidal coils is approximated to a beam 
subjected to a number of concentrated forces located at the contact "points" with the toroidal 
coils. A structural matrix analysis program was developed and the cases of 10, 20, 40 and 60 
toroidal coils were investigated. On the basis of the stresses found in the peloidal coils it 
was decided that at least 60 toroidal coils are needed for a safe design .. 

Having decided on the number of toroidals there remains to,be determined the turns per 
coil as well as the cross section of the toroidal coils. The distribution of the number of 
turns follows at once from the force compensation criterion. The cross section of the conduc­
tors on the other hand has to satisfy the stability requirement, viz., that any one coil will 
not collapse should it quench and hence carry no force compensating current. 

It is known from the theory of elasticity(g) that a circular ring subjected to a uniform 
force on its rim will collapse if the pressure exceeds a critical value that varies inversely 
with the cube of the radius. Using this criterion one obtains the following minim~m sizes for 
the toroidal coils. 

Coil position Radi.us No. of turns Conductor Dimensions 
(m) (ems) 

1 14 .. 42 24 2.26 X 14.6 
5 14.94 24 2.28 X 14.6 

10 17.24 20 2.28 X 17.52 
15 20.00 20 2.28 X 17.52 
20 23.21 20 2.28 X 17.52 
25 26.07 18 3.04 X 14.6 
30 27.49 18 3.04 X 14.6 

STRUCTURAL ·sTABILITY OF THE SMES 

In the previous section, the. number and cross sections of the. toroidal coils were selected 
to satisfy the criteria for static.stability. Since the critical force for the collapse of a 
ring varies inversely with the cube of the radius it is obvious that the peloidal coils 
constructed with conductors of comparable cross sections would satisfy the stability criterion 
if the toroidal coils do. Indeed, this was found to be the case. 

What remains to be checked is whether the SMES is statically stable under its own dead 
weight and when no current circulates in the coils. In addition one must determine the effects 
of the thermal stresses on the SMES. 

Numerical computations were made with a coded program referred to as STRESS for the 
statics of the peloidal coil under a variety of constraints. The effect of the toroidal coils 
on the peloidal coils was represented by 60 springs as shown in Fig. 3. It was observed that 
use of "roller" supports on all four anchoring locations of the perimeter of the peloidal coils 
allows the maximum release of the thermal stresses. It was also observed that the conductors·· 
provide adequate stiffness to have the structure maintain its shape under its dead weight. 
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Fig. 3. Effective schematic representation ofconstrainf and ·boundary conditions 
on peloidal coils. 

·~·. 

The manner in which the "roller ... supports are constructed in practice is shown in Fig. ·4. 

Fig. 4. Details for the support of the SMES in the vacuum chamber. 
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CAPITAL COST OF FORCE-COMPENSATED SMES 

The items which significantly contribute to the cost of the system are 

a) superconductors 
b) reinforcement structure 
c) dewar 
d) refrigeration 
e) interface to the power system. 

Hassenzahl et al., have already carried out the economics for a toroidal SMES. (lO) A 
large fraction o~their calculations can be adapted to the present case after important modi­
fications are introduced as explained below. 

a) SUPERCONDUCTORS 

Ij ]swell known to magnet designers that cylindrical coils satisfying the Brooks cri­
teria( lJ have the optimum design from the point of view of cost of conductor per unit of 
magnetic energy stored. It turns out that coils wound on a torus in the poloidal direction 
would use almost twice as much conductors as a Brooks coil storing the same magnetic energy. 

In our case, the SMES stores half the energy in poloidal coils and the other half in 
toroidal coils. Th~ winding factor for the toroidal coils is only slightly less than that 
of the Brooks coil.tl2J Consequently, our system would use approximately 1.5 times the amount 
of conductors needed ih a Brooks coil and not twice. The conductors needed hence cost 
1.5/2.0 = 75% of that of a conventional toroidal system. 

b) REINFORCEMENT STRUCTURE 
,, 

In all previous SMES considered, the magnetic forces were contained through structures 
extraneous to the coils. An estimate of the mass of reinforcement structure needed can be 
obtained by means of the theorem of the virial which leads to the expression 

E Ps 
M = K --

s ow 
(7) 

where K is a dimensionless constant relating to the efficiency of the use of support struc­
tures, K > 1 , p is the density of the support material, o is the working· stress in the 
material ,-E is th~ magnetic energy stored and Ms is the mass ~f the support. 

In our case, since the magnetic forces are compensated by the coils themselves, no 
extraneous structures, other than the connecting straps described in the previous section, 
are needed. Indeed, it is easy to check that when the criterion of Eq. (7) is applied to 
the coils, the mass of conductors alone is more than adequate to sustain the stresses. 
Defining a mean minor radius r and mean major radius R for the torus, and a mean magnetic 
field intensity in. the torus the right hand side of (7) is 

2 B2 Ps K((2rrRxrrr)-2-1- (8) 
llo ow 

Rearranging the terms we can write the above 

B2 r K(2rrR x 2rrr .ab p ) 2 aab . _ · s llo ow 
(9) 

b is the width of the conductors as defined in section Ill, and a the space factor for the 
winding. We now notice that the quantity between parenthesis is the mass of the poloidal coils. 
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Now for fields of the order of 5 teslas, r is approximately 6m, b is 14.60 em.·, a= 90%, and 
crw is 30,000 lbs/in2. Introducing all these quantities in (9) and using K = 1.1, i.e., assuming 
a 10% factor of safety it appears that 92% of the mass of the conductors would have.been 
sufficient to accomodate the internal stresses. When the connecting straps estimated to be 10% 
of the mass of the conductors are added to the conductors, we secure a margin of safety of 20%. 

The actual cost of the structure ·is hence taken to be 10% of the cost of the conductors. 

c) DEWAR 

The cost of the Dewars used in .conventional SMES is high because of the reinforcement 
needed when warm reinforcement is used. Cold reinforcement leads to considerably lesser 
amounts. The lowest costs quoted in Hassenzahl 's report are for forced helium flow in hollow 
conductors and for cold reinforcement. 

In our case, since the structure is freely suspended and does not need extraneous rein­
forcement, we will assume the cost of 1750 $fm2 for the dewar as though it used forced flow 
since the cryogenic installation for our system is simple. 

The summary of the cost are given below. All costs are 1975 prices. We have extra­
polated our costs_ to the larger rating .of 3.9 x 107 MJ. Our system is compared to that of 
two conventional SMES of toroidal geometry ~tlith warm and cold reinforcement structure respec­
tively. The numbers are taken from Hassenzahl, et ~- (.Ref. 10). 

Energy Stored (MJ) 

Superconductor Cost 

Dewar Cost 

Structure Cost 

Mining Cost 

ac-dc Convertor 

Misc. Costs 

TABLE I 

Conventional 

Warm Reinforcement 

3.9 X 107 

342 

340 

228. 

1 OS 

54 

51 

1 '120 

Cold Reinforcement 

3.9 X 107 

222 

300 

1 ,014 

54 

51 

1,641 

Force Compensated 

3.9 X 107 

166 

300* 

25 

54 

51 

595 

* It is believed that the cost of the dewar is overestimated as it included a certain amount 
of reinforcement which is not needed. 

CONCLUSION 

The simplicity of construction of.the force-compensated coil is reflected in the substan­
tial reduction in the cost of the system. In addition, to the several advantages already 
mentioned in the introduction, the new system has the convenient feature of easy accessibility 
since the whole system is at ground surface. 
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ENERGY STORAGE IN SUPERCONDUCTIVE MAGNETS:. A DEMONSTRATION 

Carl H. Rosner 
Intermagnetics General Corporation 

P.O. Box 566, New Karner Road 
Guilderland, NY 12084 

ABSTRACT 

The possible utilization of superconductive magnets as efficient energy storage 
systems has been proposed and explored a number of times during the past 15 years. 
In order to clearly demonstrate the salient features of such a system, an operational 
model was constructed. Using a superconductive magnet having a stored energy capability 
of 20,000 joules, the system includes a cryostat as well as charging and discharge 
equipment. The energy can be discharged in a 50 w light bulb, a spark-gap, a tape­
recorder, or an.v appliance that can operate at 12 or 110 volts~ 

INTRODUCTION. 

In its simplest form, an electro-magnet can be considered to be an "all electric 
battery," where electric energy is stored in the form of magnetic flux, maintained by 
a continuously circulating electric current." Such magnets in the form of inductors 
have been useful in electro-technology ever since the discovery of electricity. Using 
conventional copper wire has involved the acceptance of associated power losses. 

Since the early 1960's the us~ of s~perconductive magnets as more efficient 
energy storage medium has repeatedly been advocated and explored. In addition the 
inherent energy conservation potential of superconductive technology has wide-ranging 
application possibilities in the electric power industry as well as for.signal/computing 
devices. The principal approaches'to energy storage in electrical systems are shown in Fig. 1. 

IIEVICE 1YPE 

1. BATTERY _l_ B.ECTRO-CHEIIICAL 

I!IIER6Y DEIISITY 

... 200 Jl~. . ' T E, • f (REACTIOII ELECTRODES 

h.EAD-AC I D) 

2.~ B.ECTRO-STATIC 

EII£R6Y DENSITY 
_l: 

v 
N}J/043 T E1 ·~cv2 

), IIIDUCTOR ,, B.£CTRIHIA6NET I C 

.. 100 J/~ Ea.~ u2 

(IUPERCOIIDUCTift) 

Fig. 1. Approaches to Energy Storage in Electrical Systems. 
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Their relative merits are indicated by comparing the energy density in joules per 
cubic centimeters. The ready availability of superconductors presents an opportunity 
that is addressed in this article. 

SUPERCONDUCTIVE ENERGY STORAGE 

Electro-magnetic energy storage systems (EM-ESS) utilizing superconductors would 
require large and ideally loss-less inductances. Progress made in the understanding 
of design :and fabrication problems associated with ever-larger superconducting magnets 
is directly applicable to the development of EM-ESS systems. Many of the earlier studies 
have concluded that technical complexities and resultant high first costs would seemingly 
rule out EM-ESS systems for practica·l application. However, recent technical develop­
ments, as well as dramatic price increases in oil supplies and realization of its finite 
availabili.ty, has rekindled strong interests in more closely examining the real merits 
of EM-ESS: .,, ·,. · •: ., · "·".) ·:,· · '" .... " 

To demonstrate the interest versatility and reliability of EM-ESS, a model demon~ 
stration system was designed and built by Intermagnetics (IGC). The system consists 
basically of a small 50 k gauss superconductive magnet with an associated cryostat, a 
charging power supply aAd an energy conversion circuit. The system components are 
shown in Fig. 2. 

CHARGING 

POWER 
POWER 

PLUG 
SUPPLY 

SUPERCONDUCTING 
MAGNET 

I 
1 S.c. _ _. _ _, 
I 
t1AGNE1i 
I 
I 
I 
I 

' I I 
I I 

~ 
CRYOSTAT 

Fig. 2. Intermagnetics S.C. Energy Storage System. 
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In view of the fact that the demonstration magnet only stores about 20,000 joules and 
that none of the components were specially designed for -EM-ESS applications, no claims 
as to economic or small size accomplishments can be made here. Nevertheless, if one 
examines the list of advantages and disadvantages shown in Fig. 3, a meaningful set of 
possibilities emerges that invites closer scrutiny. 

ADVANTAGES 

TECHNICALLY PROVEN 

READibY SCALABLE FROM KW TO 
10~0 0 MW RANGE 

UNLIMITED NUMBER OF CHARGE/ 
DISCHARGE CYCLES 

HIGHLY EFFICIENT 

l~o MOVING PARTS 

ALL ELECTRIC INPUT/OUTPUT 

ENV~RONMENTALLY ATTRACTIVE 

CAN BE LOCATED ALMOST ANYWHERE 

EASE OF MAINTENANCE 

low OPERATING COST 

VARIABLE DUTY CYCLE 

PosSIB~E TO CHARGE AND DISCHARGE 
FROM l TO 1~000 HOURS 

COMPARABLE TO HYDRO-ELECTRIC 
POWER STORAGE 

AND DI SADVAIHAGES 

EXPENSIVE AT LOW POWER LEVELS 

REQUIRES CONTINUOUS CRYOGENIC 
REFRIGERATION 

REQUIRES SHIELDING OF STRAY­
MAGNETIC FIELDS 

REQUIRES MECHANICAL SUPPORT 
STRUCTURES FOR CONTAINMENT 
OF MAGNETIC FORCES 

REQUIRES ELECTRICAL CONVERSION 
EQUIPMENT 

SYSTEM COMPLEXITY MAY LIMIT 
USEFULNESS TO SPECIAL 
PURPOSE APPLICATIONS 

RELATIVELY HIGH FIRST COST 

Fig. 3. Energy Storage in Superconductive Magnets: Advantages and Disadvantages. 
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In particular, on-going studies at the University of Wisconsin, Los Alamos National 
Laboratory and elsewhere are becoming increasingly more optimistic in their assess-
ments. · 

The demonstration system shown here contains all the features and requirements 
of almost any EM-ESS systems. Its operation Fig. 4. is quite straight forward. 

Fig. 4. Superconductive Magnetic Energy Storage: Principle of Operation. · 

A power supply converts a-c power from the power line outlet into a d-e current used to 
charge the superconductive magnet. When the magnet is fully charged, it can be "short­
circuited" with a superconducting switch, whereupon the power line source can be dis­
connected. As long as the system remains cold, the energy in the EM-ESS system is 
virtually loss-less. 

When it is desired to extract the energy from the superconductive magnet, the 
"load" is connected across the magnet and the superconductive switch is opened. 
Electric current now flows through the "load." In the demonstration system, we have 
provided for this load to be either a 50 w light bulb, a spark discharge system or a 
tape recorder. Provision has been made to connect any one of these items, all of them 
simultaneously or any other suitable appliance requiring a 12 V or 110 volt power 
source. 

The system has already been operated for many cycles and has a virtually unlimited 
and undiminished cycling capability. The major drawback is, of course, the requirement 
for continuous cooling. 

There appears to be no insurmountable problems that would prevent the ready scale-up 
of this system by factors of 10 to 10,000 times the level of energy stored in this system. 
The engineering and economic challenges are being addressed in the aforementioned studies. 
To confirmtre utility of EM-ESS it is expected that systems storing 10-1000 Mj will be 
constructed within the next 3-5 years. 
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In addition, the ongoing developments of every larger superconductive magnets, 
superconductive motors and generators, etc. will allow a more realistic assessment of 
the practical and economic potential of EM-ESS systems during the same time-frame. 
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PROJECT SUMMARY 

Project Title: Compr~ssed Air Energy Storage Technology Program 

Principal Investigator: W.V. Loscutoff 

Organization: Pacific Northwest Laboratory 
P.O. Box 999 
Richland, Washington 99352 
(509) 946-2768 

Project Goals: Reservoir Stability Studies -Develop design and stability criteria 
for long-term operation of underground reservoirs used for CAES in 
order to accelerate the commercialization of the concept. 

Project Status: 

Contract Number: 

Contract Period: 

Funding Level: 

Funding Source: 

Advanced Concepts Studies - Develop and assess advanced technologies 
for CAES that require little or no supplementary firing by petr9leum 
fuels in order to eliminate the dependence of CAES on these fuels. 

The reservoir stability criteria studies are progre~sing satisfac­
torily. Program milestones attained have been the development of 
preliminary design and stability criteria for the three major types 
of storage reservoirs from surveys of existing information and 
completion of some of the initial porous rock ·and salt numerical 
studies. All subcontracts are in place for the numerical and 
laboratory studies. Field studies project plans are being pre­
pared and are scheduled for initiation during FY-1980. 

The advanced concepts studies are screening the major advanced tech­
nologies, thermal energy storage (TES), fluidized bed combustion (FBC) 
and coal gasification. The screening should be completed in FY-1980. 
Decisions on more comprehensive studies and development of one or 
more advanced concepts·are planned for late FY-1980 or early FY-1981. 
Development and evaluation of equipment for all CAES concepts is 
continuing. · 
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FY1979 

$65 K 

Department of Energy, Division of Energy Storage Systems 
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COMPRESSED AIR ENERGY STORAGE PROGRAM OVERVIEW 

W.V. Loscutoff 
Pacific Northwest Laboratory 
Richland, Washington 99352 

ABSTRACT 

The DOE Compressed Air Energy Storage (CAES) Technology Program consists of a group of 
interrelated studies directed at developing a new technology to improve the cast and efficiency 
of electrical power utilization and reducing the consumption of.petroleum fuels. The program 
has two major elements -- Reservoir Stability Studies and Advanced Concepts Studi·es. The 
Reservoir Stability Studies are aimed at developing long term design and stabi1ity criteria for 
underground reservoirs·used in CAES plants. The Advanced Concepts Studies are directed at 
development of CAES configurations that will require little or no petroleum fuels for firtng 
of the turbines. 

In this overview, we summarize the program efforts during FY-1979, outline specific tasks, 
i~dicate current progress, identify future activities, and point out milestones and accomplish­
ments. 

INTRODUCTION 

Compressed air energy storage is a technique for supplying electric power to meet peak 
load requirements of electric utility systems. It incorporates a med1fied state-of-the~art 
gas turbine and an underground reservoir --- an aquifer, a salt cavity er a m1ned hardrock 
cavern. The compressor and turbine sections of the gas turbine. would be alternately coupled to 
a motor/generator for operation during different time periods. ·During nighttime and weekend 
off-peak periods, low-cost power plants not using petroleum fuels would be used :to compress 
air which would be stored in the underground cavern. During the subsequent daytime peak-load 
periods the compressed air would be withdrawn from storage, mixed with fuel, burned and expanded 
through the turbines to generate peak power. This concept reduces the consumption of premium 
fuels by more than 60 percent for conventional CAES. systems. Some advanced CAES concepts do 
not require any premium fuels at all. 

Studies have shown that the CAES concept is technically feasible and, with a preper utility 
power generation mix, is economically viable. CAES systems offer several advantage~ over 
conventional systems used by utilities for meeting peak load requirements. Replacement of 
current gas turbines by CAES plants could result in annual savings of more than 100,000,000 
barrels of oil. The net annual oil saving would be greater in the future. CAES plants are not 
limited to the same degree of siting difficulties fac~d by conventional pumped hydro plants. 
Finally, a well designed CAES plant should have a smaller adverse impact on the environment 
compared to a conventional peaking plant. 

In view of the potential benefits that the concept offers, the Department of Energy (DOE} 
has undertaken a comprehensive programin order to accelerate commercialization of the 
technology. The Pacific Northwest Laboratory (PNL) was selected by DOE as the lead laboratory 
for the.C~E~ ~echnology Pr~gram. As ~uch~ PNL is ~esponsibl~ for assisting the DOE in program 
~espons1~1l1t1es for plann1ng, budget1ng, contract1ng, manag1ng, reporting and disseminating 
1nformat1on. Under subcontract to PNL are a number of companies, universities and consultants 
that are responsible ~or various facets of th~ progr~m. The funding for this program was 
$2,235K, broken down 1nto $1,600K for Reservo1r Stabll1ty Studies, $575K for Advanced Concepts 
and $60K_for Environmental Concerns. This report presents an overview of the activ1ties by· · 
PNL and 1ts subcontractors during FY-1979 on the Reservoir Stability Studies and Advanced 
Concepts Studies. 
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OBJECTIVE AND SCOPE OF WORK 

The CAES Technology Program has evolved into two basic research and development elements 
and a supporting effort on environmental.concerns. Recognizing that long term reservoir 
stability is a key issue to successful commercialization of CAES technology, the Reservoir 
Stability Studies element has the major emphasis in the early phases of the program. Recognizing 
also that the petroleum fuel requirements of conventional CAES systems may be an obstacle to 
large scale acceptance of the concept, the Advanced Concepts Studies element has been established 
and will dominate the research and development activity during the latter phases of the program. 
In support of the two major program elements, a study of potential environmental concerns 
asso~iated with the commercialization of CAES has also been initiated. 

• 

.. 

• 

The objectives of the program are as follows: 

Reservoir Stability S~udi~s - Estaqlish design and stability criteria for large underground 
air reservoirs in salt domes, hard rock, and porous rock formations that may be used for 
air storage in utility appiications. · 

Advanced Coniepts Studies - Develop advanced CAES technologies that would eliminate the 
dependence of CAES systems on petroleum fuels. 

Environmental Concerns- Identify and'evaluate potential environmental impacts assoctated 
with commercialization of CAES technology. 

The Pacific Northwest Laboratory leads this program and is providing the required program 
management effort. Under subcontract to PNL, Re/Spec is providing support on behavior of hard 
rock caverns; Serata Geomechanics and Louisiana State University are studying the behavior 
of salt cavities; University of Wisconsin and Los Alamos Scientific Laboratory are supporting 
the studies on porou·s rock reservoirs; United Technologies Research Center, Argonne National 
Laboratory, Massachusetts Institute of Technology and Knutsen Research Services are supporting 
the advanced concepts research efforts. The program organization is shown in Fig. 1. 

TECHNICAl SUPPORT 
PNL 

CAES TECHNOLOGY PROGRAM FUNCTIONAL ORGANIZATION 

COMPRESSED·AIR ENERGY STORAGE 
TECHNOLOGY PROGRAM 

PROGRAM MANAGER 
PACIFIC NORTHWEST LABORATORY 

QUALITY ASSURANCE 
PNL 

I C?ONSULTANTS I 
• HARD ROCK I.O.A.IUA. • SALT NUM. ST. • SALT I.O.A. SUA. • POROUS ROC• • POROUS ROCK CYC. • POROUS ROCK I.O.A: SUA. • PROGRAM REVIEW 
• HARD ROCK NUM. ST. • SALT LAI. ST. VENTILATION ST. THEAM·MECH PtlOP. • I'OROUI ROCK NUM. ST. • PROGRAM GUIDANCE 
• HAIIID ROCK LAB. ST. • POROUS ROCK LAI. ST. • PRODUCT REVIEW 

• HIOQIIIAM IIANAQ(M(NT 
• PROGRAM INTEOAATION 

.• CAESIFBC • CAESISOLAA • EQUIPMENT • TECH. SUPPORT • ADV. CONC. ANALYSIS • CAEI/TEI ECONOMICS 
FEASIBIUTY ST. • CAEIITES ST. EVAL .• DEY. 6 EVAL. 

• PfiOOfiiAM I'LANNINO 
• EVAL. INT. Of lltliULTS 
• PROGRAM MANAGEMENT 

Fig. 1. CAES Technology Program Functional Organization 
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The program is organized into· tasks"and associated subtasks, as shown graphically in Fig. 2. 
It should be noted that while the task entitled "Environmental Concerns" appears as part of the 
work structure outline; it is fun·ded by' the Division of Environmental Control Technology and, 
thus, outside the responsibility of the Division of Energy Storage Systems. No presentations 
on. this task will be made in this report. 

RESERVOIR STABILITY STUDIES 
POROUS, HARD & SALT ROCK 

S.O.A. SURVEY 
· DEVElOP PRELIM. DESIGN 

AND STABILITY CRITERIA 

NUMERICAL ST. OF ROCK 
BEHAVIOR . 
·DEVELOP INTERIM DESIGN 

AND STABILITY CRITERIA 

LABORATORY ST. OF ROCK 
BEHAVIOR 
·UPDATE DESIGN AND 

STABILITY CRITERIA 

.FIELD STUDIES 
·DEVELOP FINAL DESIGN 

AND STABILITY CRITERIA 

Fig. 2. CAES Technology Program Work Structure Outline 

The master schedule of milestones and activities developed to accomplish the planned 
tasks in a timely·fashion is shown in Fig. 3. The·overall program effort is keyed on developing 
the required design and stability criteria for underground reservoirs, and to developing CAES. 
concepts that do not require any petroleum fuels. 

The first milestone marks the development of preliminary design and stability criteria for 
underground CAES reservoirs. These criteria are updated as numerical and laboratory studies 
are completed. The final reservoir design and stability criteria are scheduled to be developed 
following the completion of field studies. 

In the Advanced Concepts Studies, the major point is a decision by DOE, backed by the 
feasibility studies, to proceed to a commercial-scale development/demonstration program. The 
initiation of one or more of the advanced CAES projects marks the major milestones tn the 
program. 

PROGRESS TO DATE 

RESERVOIR STABILITY STUDIES 

FY-1979 has seen a number of new activities start and milestones reached. These incl~de 
the following elements: 

' • Develop preliminary design and stability criteria for 
porous rock reservoirs 
salt cavities 
hard rock caverns 

• Complete initial numerical model development for the behavior of salt cavities. 

• Complete initial laboratory studies of air-water-rock interactions. 
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• 
• 

• 

• 

• 
• 

AFTER 
MILESTONE/ ACTIVITY FISCAL YEAR 1979 1980 1981 198219831984 1984 

A. RESERVOIR STABILITY STUDIES 
LEGEND 

1. STATE-OF-THE-ART SURVEY A\ h-. \]· INITIATE ACTIVITY 

2. NUMERICAL STUDIES 111\ 6· COMPLETE ACTIVITY 

A\ 
Q. DOE DECISION POINT 

3. LABORATORY STUDIES 

4. FIELD STUDIES \1 & 
5. DESIGN AND STABII,.ITY CRITERIA A>\ It\ M 

B. ADVANCED CONCEPTS STUDIES 

1. CAES/FBC A ~t . _N6 
~ 

l3 2. CAES/TES f\10 12\\:1 j\16. 
= 

3. CAES/CG 1\ 12\~ l3 /\16 
11 '--J 

4. NEW CONCEPTS 14j\ 

c. ENVIRONMENTAL CONCERNS 15;\ 

&· COMPLETE S·O·A SURVEY &,. COMPLETE CAES/FBC FEASIBILITY STUDY 

~· UPDATE S·O·A SURVEY ~· COMPLETE CAESITES FEASIBILITY STUDY 

,&. 'COMPLETE NUMERICAL STUDIES .61· COMPLETE CAESICG FEASIBILITY STUDY 

&. COMPLETE LABORATORY STUDIES ~ DOE DECISION TO PROCEED ON DEVELOPMENT OF 

&· 
ADVANCED TECHNOLOGIES 

COMPLETE FIELD STUDIES 

~· 
&· 

INITIATE ADVANCED CAES DEVELOPMENT I 
ESTABLISH PRELIMINARY DESIGN AND STABILITY DEMONSTRATION PROJECT 
CRITERIA ,11. &,. COMPLETE EVALUATION OF ADVANCED CONCEPTS 
UPDATE DESIGN AND STABILITY CRITERIA 

M· £. COMPLHt SJUDY OF ENVIRONMENTAL CONCERNS 
ESTABLISH FINAL DESIGN AND STABILITY CRITERIA 

M· DEVELOPMENT /DEMONSTRATION PROJECTS COMPLETED 

Fig. 3. CAES Technology Program Milestones 

Complete numerical studies of moisture effects on air storage in porous rock.· 

Complete a study of wellbore thermal effects on a porous rock reservoir . 

Initiate laboratory studies of salt . 

Initiate laboratory studies of hard rock . 

Design a flow facility for laboratory studies of porous rock . 

Develop initial project plans for field studies . 

Those tasks that have been identified as.being completed have been documented and reports on 
these subjects are available from PNL. 

Major activities in FY-1979 that are not listed as milestones or accomplishments but that 
will im~act milestones in FY-1980 and FY-1981 include the following: 

• 

• 

• 

• 

Numerical hard rock cavern studies . 

Numerical porous rock reservoir studies . 

Laboratory hard rock studies . 

Laboratory salt studies . 
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• Laboratory porous rock studies. 

• Initiation of field studies . 

A summary of the foregoing activities is shown in the milestone chart in Fig. 3 together with 
anticipated completion dates, where applicable. The final milestone in this series of studies 
is the development of realistic design and stability criteria for CAES reservoirs that would 
facilitate the commercialization of CAES technology. 

ADVANCED CONCEPTS STUDIES 

The major milestones, accomplishments and activities in the Advanced Concepts Studies during 
FY-1979 were the following: 

• Complete CAES/TES and C~ES/solar studies by MIT. 
J 

• Select preferred FBC concept for CAES systems . 

• Obtain preliminary results from studies of effects of hot air .injection on porous roc.k; 

• Compare major CAES/TES studies using standard methods; parameters and values . 

• Initiate DOE-TVA study of advanced CAES systems. -

• Continue evaluation of coal gasification as an alternative fuel for CAES systems . 

• Examine-and evaluate a number of novel advanced CAES concepts, e.g., two tank low pressure 
ratio system. 

• Summarize rotating machinery requirements for advanced CAES . 

• Initiate preliminary conceptual designs of CAES plants for the three types of air storage 
reservoirs. 

Future major activities in the Advanced Concepts Studies project include the following: 
•, ·. .· 

• Complete feasibility studies of the major types of· advanced CAES technologies. 

• Select the preferred technologies for further development, leading to a demonstration of 
the technologies. 

• Complete evaluation and initiate development, when necessary, of equipment for advanced 
CAES technologies. 

SUMMARY AND CONCLUSIONS 

In this overview, r have outlined the current CAES Technology Program and indicated tts 
progress. In conclusion of this overview, I would like to state a number of c6nclustons 
resulting from previous and current studies. 

• Low risk component design exist for near-term CAES plants . 

• While near-term CAES plants can save significant amounts of petroleum fuels, they are 
still dependent on these fuels. It is important to eliminate this dependence in the near 
future. Fortunately, it appears that we do have this option. 

• Economic attractiveness of CAES, especially advanced technologies, is enhanced relative 
to simple cycle gas turbines by the continuing escalation of petroleum fuel prtces. 

The papers that will follow this overview will be more specific and detailed on some of 
the major topics and conclusions regarding CAES technology. 
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PROJECT SUMMARY 
\ 

Project Title: Numerical Modeling to Predict Behavior of Underground Hard Rock 
Caverns Used for Compressed Air Energy Storage 

Principal Investigator: Dr .. Arlo F. Fossum 

Organization: 

Project Objectives: 

Project Status: 

Contract Number: 

Contract Period: 

Funding Level: 

Funding Source: 

RE/SPEC Inc. 
P.O. Box 725 
Rapid City, SD 57709 
( 605) 343-7868 

Develop numerical models to evaluate the thermal/mechanical/ 
hydrological behavior of compensated CAES caverns in hard rock 
and perform numerical modeling to establish stability and 
design criteria. 

This project is divided into the following phases and tasks: 

(1) TASK I-1: Establish Major Generic Rock -Property Characteristics 
(2) TASK I-2: Formulate Conceptual Numerical CAES Simulation 

Model 
(3) TASK II-1: Establish CAES Criteria/Modeling Procedures 
(4) TASK 11-2: Parametric Evaluations by Use of Numerical CAES . 

Simulation Model · · 
(5) TASK II-3: Formulation of CAES Stability and Design Criteria 

The project status is as follows: 

( 1) 

(2) 

(3) 

(4) 

(5) 

The major generic rock property characteristics have been 
identifie'd and quantified to the extent possible through an 
extensive literature survey. 
A conceptual numerical CAES simulation model has been formulated 
which can be used in an integrated or a discrete manner. 
Modeling procedures have been established for the construction 
phase of a CAES cavern and are currently in development for 
the operational phase. 
Parametric evaluations by use of discrete elements of the 
numerical CAES simulation model are underway. 
The formulation of CAES stability and design criteria is in 
progress. Current work is centered around air leakage 
considerations. 

Special Agreement No. B49407-A-H/Prime Contract EY-76-C-06-1830 

August 31, 1978 - November 30, 1979 

$150,551 

Pacific Northwest Laboratories, Battelle Memorial Institute 
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NUMERICAL STUDIES OF COMPENSATED CAES CAVERNS IN HARD ROCK 

Paul F. Gnirk 
Terje Brandshaug 
Gary D. Ca 11 a han 
Joe L. Ratigan 
R E/SPEC Inc. 
P. 0. Box 725 

Rapid City, SO 57709 
\ 

ABSTRACT 

The primary purpose of this paper is to present some results of thermal, mechanical, and 
air leakage modeling analyses for compensated CAES caverns in hard rock. Particular atten­
tion is drawn to the influence on the in situ {pre-mining) stress state on pre-operational 
cavern stability and operational air leakage. Consideration is also given to the region of 
cyclic temperature perturbation around an operational CAES cavern and the time required to 
achieve a quasi-steady temperature field in the rock mass. Where possible, the implications 
of the modeling results are qualitatively confirmed by comparison with case history data and 
o bs erva t ions. 

INTRODUCTION 

The underground layout of a compensated compressed air energy storage (CAES) system in 
hard rock can be visualized as a collection of parallel storage caverns, each of which is con­
nected at either end by inclined entries to common (air and water) crosscut tunnels. As sh<7t~n 
in Fig. 1, the crosscut {air) tunnel on-the upward inclined end is connected to the surface 
compression and generation equipnent by an air shaft. On the d0t1nward inclined end, the 
crosscut (water) tunnel is connected to a water inlet/outlet shaft which in turn connects to a 
surface water reservoir. Water from the surface reservoir provides a compensating head for 
maintenance of constant air pressure (with varying volume) in the storage caverns. This is 
designated a "wet" system due to the rise and fall of water in the caverns during the 
withdrawal (generation cycle) and injection (compression cycle) of compressed air. In order to 
prevent air ejection through the water shaft, the base of the shaft, as well as any inter­
mediate water storage caverns, must be situated at greater depth than that of the air storage 
caverns. Due to turbine machinery limitations and pressure losses during the generation 
cycle, a maximum air pressure of about 7 to 7.5 MPa {1,000 to 1,080 psi) is all<7t~ed, which 
dictates a facility depth of about 715 to 765 m {2350 to 2500 ft.). 

Although the internal pressure in the storage caverns is constant, the rock is subjected 
to a daily temperature cycle due to alternating contact with hot air (compression cycre)· and 
water at "ambient" temperature (generation cycle). More specifically, the operational cycle 
wi'll involve a period of seven days with compression/inactive cycles on Saturday and Sunday 
and compress i on/i nact i ve/ generat i on/i nact i ve eye 1 es on each weekday. For design purposes, 
the useful life of a compensated CAES cavern system is designated to be 30 years, or approxi­
mately 11,000 temperature cycles. Although generation will occur only on week days, tem­
peratures will fluctuate in the caverns during the weekend due to cooling of the compressed 
air and fall of the water in the caverns. 
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Fig. 1. Schematic Representation of a Compensated CAES Cavern Sy~tem. 

The purpose of the numerical modeling program is to establish procedures for predicting 
the thermal/mechanical/hydrological response of caverns to compensated CAES operating con­
ditions, and to develop corresponding design and stability criteria for such cavern systems in 
hard rock. This effort is complimentary to past and present programs involving preliminary 

definition of stability and design criteria (1-5) and laboratory studies of appropriate rock 
properties (6). The basic elements of a CAES numerical simulation model and of the probabi­
listic approach to cavern design for the excavation phase have been discussed previously 
( 5 '7) • 

Over the course of the numerical modeling program, a dual approach has been selected, 
leading to the same end point, viz.: 

(1 ) 

(2) 

~~~~~~TT~~~~A~rr~oTac~h.: Development of a comprehensive numerical model of 
coup e t erma mec anica y rological behavior for compensated CAES caverns, incor­
porating the probabilistic design approach, with case history simulations and para­
metric evalutions. 

Discrete (Practical) Approach: Use· of discrete elements of an overall numerical 
model to perform parametric evalutions of post-excavation and operation cavern stabi­
lity, thermal perturbation into the cavern rock, drawdown during cavern construction, 
and air leakage. 

The distinction between the two approaches liec; in the relative level of sophistication. The 
integrated or conceptual approach seeks to incorporate a creative blend of theory and 
experience from cavern construction through operation, such that theoretical projections can 
be employed as a design tool when the base of empirical knowledge is restricted. The discrete 
or practical approach seeks to provide parametric information of immediate use to the 
designer for distinct phases of construction and operation; the generalization of this infor­
mation to situations involving event complexity and strong coupling of phenomena, however, is 
not immediately straightforward. The two approaches do have commonality in that phenomenolo­
gical mechanisms of rock behavior must be identified in the sense of constitutive laws and 
used appropriately in the modeling efforts to formulate criteria for rock stability and air 
1 eakage. 
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For the purpose of this paper, we have chosen to present sane results· that have been 
achieved in this study by use of the discrete approach. The stability of. CAES caverns after 
excavation and prior to_operation is discussed from the viewpoints of geometry and in situ 
stress state, followed by incorporation of those results into design criteria based on exten­
sive case history knowledge. Preliminary results are given for the extent of thermal pertur­
bation in the rock around compensated CAES caverns for extreme limits of temperature 
fluctuation during operation. Finally, a comparison between predicted and observed air 
leakage from a cavern in hard rock in Sweden is presented. For completeness, the above topics 
will be preceded by brief discussions of the appropriate generic rock properties and the 
essential numerical techniques. It must be emphasized that much of the information presented 
in this paper represents results obtained during the early phases of this program. 

GEOTECHNICAL AND THERMAL/MECHANICAL ROCK PROPERTIES 

In general, the vertical in situ, or pre-mining, stress in a hard rock mass can be taken 
as the weight of the overburden. For a collection of all rock types and groups of the hard 
rock variety (igneous, metamorphic, and sedimel)tqry), the vertical stress gradient averages 
about 0.0268 MPa/m on the basis of bulk densityl2J. This valu~ is reasonably consistent with 
those given by Brown and Hoek(8) of 0.027 MPa/m and Haimson(9J of 0.025 MPa/m. For igneous 
and metamorphic rock~ J)·n particular, we have deduced average values of 0.0269 MPa/m and 0.0282 
MPa/m, respectively l2 • 

Although the vertical stress is relatively easy to quantify on the basis of rock density, 
the horizontal in situ stress is quite variable over North America, and may range from 0.5 to 
2. 0 or greater at ,depths of 700 to SOO m, as shown in Fig. 2. Clearly, this in situ stress is 
site specific, and, as shG-m later, its influence on cavern stability can be significant. 

COLFFICIEoll OF LAllRAL lARlH Sli<[SS, K
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• SEDIMEoHARY A~D HOEK t8l 

Fig. 2. Coefficient of Lateral Earth Stress 
(Average Horizontal In Situ Stress) 
as a Function of Depth. 
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Carlsson and Olsson{10} have investigated hydraulic conductivity as a function of depth 
for some Swedish rock masses which have virtually no1primary penneability, only secondary per­
meability. Their investigation indicated a decrease ·in hydraulic conductivity with depth, but 
the data were highly scattered and limited to relatively shallOt/ (de..Rths (generally less thap 
175m). Employing data from the above study and others, Burgess 11J and Stille, et al.{12J 
have developed a mean relationship for hydraulic conductivity a~ a function of depth (see Fig. 
3}. We note that a single measurement by Carlsson and Olsson{10} at a depth of about 300 m 
indicates a hydraulic conductivity which is approximately two orders of magnitude less than 
calculated from the preceding relationship. For the present study, as well as for ot~simi­
lar studies, little permeability and fissure deformation data have been found in the litera­
ture for hard ·rock regions at depths belOi/ 400 m. 

For the purpose of this study, we have chosen the mean and extreme values given in Table 1 
for the material properties of a generic hard rock. In general, the extreme values encompass 
the range of measurements reported in the literature for igeneous, metamorphic, and sedimen-
tary rocks. · 

TABLE 1 

Mean and .Extreme Values of Thermal/Physical/Mechanical Properties for Generic Hard Rock 

PROPERTY MEAN EXTREMES 

Young's Modulus {GPa}· 50 25/75 

Poisson's Ratio 0.25 0.15/0.40 

Cohesion (MPa) 35 10/60 

Angle of Internal Friction (Deg. ) 35 20/50 

Density {kg/m3) 2,730 2520/2875 

Therma 1 Conductivity {W/m-K} 2.90 1.85/3.95 

Th erma 1 Diffusivity (1o-6m2/s) 1.15 0. 90/1.35 

Specific Heat (J/kg-K) 935 835/l 035 

Coefficient of Therma 1 Expansion (1 /K) 8.0 6. 25/9.75 

NUMERICAL SIMULATION PROCEDURES 

·For the purpose of the nume_rical modeling discussed in this paper, use was made of the 
SPECTROM series of finite-element codes as developed by RE/SPEC over the past eight years. 
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SPECTROM is particularly applicable to problems in rock. mechanics, involving discrete or 
coupled phenomena in the thermal, mechani.cal, and hydrological realms of rock behavior. Use 
is made of isoparametric elements, with .capabilities for handling nonlinear and anisotropic 
material properties, time-independent and time-dependent nonlineqr material response through 
post-failure, and two and three dimensional geometries. Each of the codes within the series 
has been extensively validated with closed-form analytical solutions and available commercial 
finite-element codes on CDC CYBERNET, and with laborato~ and in situ (or field) case histo~ 
data where available. 

POST-EXCAVATION CAVERN STABILITY 

OBJECTIVES AND RANGE OF PARAMETERS 

The purpose of this aspect of the study was to evaluate .the influence of cavern geometry 
and spacing and coefficient of lateral earth stress on the stability of caverns prior to 
CAES operation. The corrputed stress fields in the rock mass· foll011ing excavation are appli­
cable strictly to an elastic medium which is devoid of joints or other structural discon­
tinuities. When inelastic deformation of the medilBll is not considered, or does not occur, the 
stress perturbation is independent for all practical purposes of the sequence of excavation. 
In addition, the solutions are strongly statically determinate, which implies negligible 
dependence. on elastic properties. 
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The cavern excavation is assumed to be situated at a floor depth of 760 m, and the ver­

tical in situ stress gradient is taken to be 0.0269 MPa/m. Consideration was given to single 
caverns with height-to-width ratios ranging from 0.5 to 3.0, and to a sequence of three 
caverns in parallel with height-to-width ratios of 1, 1.5, and 2 and extraction ratios of 20, 
40, and 60%. In all instances, the cavern width was chosen as a constant 10m, with the radii 
of the arched crown and rib-floor intersections being 10% of the cavern height and 5% of the 
cavern width, respectively. In the discussions that follow we have chosen compressive 
stress to be algebraically positive. 

SINGLE CAVERNS 

Figure 4 illustrates the influence of height-to-width ratio H/W and in situ stress ratio 
K0 on the stress concentration factor in the central rib boundary (side wall) of a single 
cavern. Th·e· stre·ss concentration factor is defined as the ratio of the tangential (in this 
case, vertical) stress in the rib and the in situ (pre-mining) vertical stress. Clearly, as 
both H/W and K0 increase, the vertical stress in the rib changes from compression to tension. 
For high values of K0 , the induced arching act ion above and below the cavern tends to 
"stretch" the rib. As demonstrated later in this paper~ this stretching action will give 
rise to zones of predominate air leakage in the rib sections of the cavern. 

As a point of qualitative validation of the results given in Fig. 4, as regards caverns 
stability, we draw attention to the Flygmotor CAES caverns in Sweden which have a height to 
width ratio of approximately 0.3 and are situated at a depth of about 90 m (see Bergman, et 
al.(13 ). For the generally high horizontal in situ stresses at that depth, as illustrated 
previously in Fig. 2, the ribs of the caverns have remained exceptionally stable over many 
years of daily operation (we note that the· temperature fluctuations in the caverns are only 
nominal). For this case history situation, the boundary stress concentration in the rib is 
probably compressive, but of relatively low magnitude. 

Figure 5 is an illustration of the application of the elastic stress results to practical 
design considerations as regards need for artificial support. We have plotted the ratio of 
the maximum compressive boundary stress in the cavern roof and the uniaxial compressive 
strength of a compet.ent igneous rock (200 MPa) to K0 for a range of values of H/W. SuperpQsed 
on this plot are the artificial support needs, as deduced from correlations by Hoek l14} 
based on extensive case .history data. For an H/W of 1.5 to 2, which is of interest to CAES 
cavern"design, the in situ stress ratio must be less than 1.3 to 1.5 in order to avoid the use 
of heavy· artificial roof support, such as blocked steel sets and concrete arches. 

MULTIPLE CAVERNS 

Figure 6 illustrates the influence of extraction ratio and in situ stress ratio on the 
vertical stress concentration in the rib of the central cavern in a three-cavern array, for a 
cavern height-to-width ratio of 2. For extraction ratios. of 20 to 40% and a range of K0 from 
1 to 2, the vertical pillar stress is compressive and of the order of 50 to 140% of the in situ 
vertical stress. For extremely high horizontal stresses, such as may occur at shallow depth, 
one could anticipate a vertical tensile stress in the pillar rib. As a point of qualit~tive 
validation, we draw attention to the case history described by Anttikoski and Saraste (15J for 
three oil storage caverns in parallel near Helsinki. The caverns have a H/W of 2 and an 
extraction ratio of 30 to 40%,-and are situated in an in situ horizontal stress field of about 
15 MPa (K0 = 10 to 15}. Through a combination of field observation and finite element analysis, 
they concluded that perhaps 60 to 90% of the pillars were in a state of tension and the cavern 
roofs were heavily stressed in compression. The formation of horizontal fractures across the 
pillars was deduced from the adjustment of oil levels between adjacent caverns to a common 
elevation. 
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In Fig. 7, we have combined the results for the stress concentrations in the cavern roofs 
with the uniaxial coJll)ressive strength of a cofl"q)etent igneous rock to illustrate the need for 
artificial roof support for ranges of H/W and K0 and a constant extraction ratio of 40%. The 
9rtificial support needs have been deduced, as before, from case history correlations by Hoek 
\14). For an H/W of 1 to 2, only light support in the fonn of rock bolts and wire mesh is 

·required to maintain cavern roof stability after excavation, for a value of K0 between 1.25 
and 1. 75. · 
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The preceding results, although only a representative sample of those accumulated to date 
in this study, clearly indicate the need for site specific in situ stress data for the design 
of CAES caverns. A slight alteration in cavern geometry in relation to the artificial support 
needs can be perhaps an economic trade-off which deserves thoughtful attention from the 
viewpoints of rock stability and air leakage. In general, the results indicate that enhanced 
rock stability ·ca!1 be achieved with an array of caverns as coJll)ared to a single cavern, at 
1 east from the 'viewpoints of pre-operation a 1 considerations for CAES in hard rock. 
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THERMAL PENETRATION INTO CAES CAVERN WALL 

In or~er to:J investigate the cyclic thermal effects in the rock during CAES operation, a 
cavern was chosen with a height and width of 20 m and 10 m, respectively. The compensated 
cavern was considered to be initially full of water at 10°C. The top 2m were assumed to con­
tain compressed air at all times and the bottom 0.5 m to contain water at all times. Thus, the 
operational height of the cavern over the compression and generation cycles was 17.5 m. The 
cycle time was taken to be one day, with the compression and generation cycles sep~rated into 
alternating 12 hour periods. The air/water interface was supposed to move at a constant velo­
city over the operational height of the cavern. Compressed air inlet temperatures of 75°C and 
150°C were considered. The cavern was assumed to be 750 m deep and the geothermal gradient 
was taken to be 25°C/km. Finally, the rock type was chosen to be igneous, with the following 
thermal properties: thermal conductivity = 2.9 W/m-K; specific heat = 935 J/kg-K; thennal 
diffusivity = 1.3 E-06 m2/s. 
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Figures 8 and 9 illustrate the temperature distributions along a horizontal line into 
the rock at a distance of 7.5 m from the crown of the cavern. The cavern wall (depending on 
elevation) is defined to be at the water temperature {10°C) or the compressed air temperature 
{75°C or 150°C) throughout the compression and generation cycle periods. The temperature in 
the first meter of the cavern wall is seen to rise substantially within the first five cycles 
of cavern operation. The region beyond one meter is relatively unperturbed by 1 the cyclic tem­
perature boundary on the cavern wall and undergoes continuous heating. The temperature rises 
between the twentieth and fiftieth cycles are rruch less. At the fiftieth cycle, temperature 
increases are quite small and the first meter of the cavern wall is near a steaqy oscillatory 
temperature distribution with small temperature increases. '· 

If the initial temperature of the·material is the same as the mean of the.oscillatory sur­
face temperature, the temperature distribution reaches a steaqy oscillatory motion much more 
rapidly than if the initial temperature of the medium is above or below the mean of the har­
monic surface temperature. For the CAES system discussed·above, the analytical solution indi­
cates that ·the transient portion of the solution will contribute to thermal oscillation within 
5 meters of the cavern wall for the life of the cavern. However, the majority of the tran­
sient is damped within the first one hundred cycles. 

One of the more important aspects of this simulation is the location and magnitude of the 
thermal gradients. The largest thermal gradients occur early in time and within the first 
meter of the ca.vern wall, indicating that this region will be the most critical as regards 
t henna lly induced stresses. 

CASE HISTORY SIMULATION OF CAVERN AIR LEAKAGE 

In an effort to provide a test case for our proposed numerical model for air leakage, 
RE/,SPEC subcontracted with Hagconsult AB to document the historY and geometry of the Flygmotor 
CAES cavern system near Trollhatten, Sweden (Bergman, et al.(1JJ). The CAES system is used to 
supply compressed air for wind tunnel testing of aircraft engines. 

The Flygmotor cavern system was excavated in a biotite gneissic rock mass at a depth of 
about 90 m during 1949-51 and has a volume of approximately 12,000 m3 of usable storage. The 
system is water-compensated, and.due to the low height of the individual caverns {3.8 m), 
essentially provides a constant a1r pressure source. The cavity is normally charged five to 
six times a day and has experienced approximately 30,000 unload-load cycles since 
construction. · 

Following cavity excavation, a tightness test was performed in September of 1951. The 
cavern was pressurized to 830 kPa without water compensation and the pressure drop was moni­
tored for 24 hours. This test was repeated twice for a total of three continuous tests. The 
results are given as follows: 

TEST NO. PRESSURE DROP AIR LEAKAGE 
kPa/da~ %/da~ 

1 29.4 3.6 
2 27 .o 3.3 
3 39.2 4.8 

Although these air leakage rates are high and might well be unacceptable _in most CAES appli­
cations, they were acceptable to Flygmotor. 
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Initial efforts to simulate the air leakage tests have been performed under the following 
assumptions: 

i 

•the cavern c~n be modeled as an equivalent single drift; 

• the air pressure drop in the cavern can be neglected; 

• air transport is governed by the single phase compressible gas transport equation for 
isothermal ~onditions in porous media (the rock mass was reported to have been extensively 
drained of water during construction)a 

All of the above assumptions will result in greater ai~ leakage than actually occurred 
during the tests. The degree of over-estimation resulting from these assumptions, is,- however, 
presently being evaluated where possible. Four simulations of the Flygmotor air leakage 
tests have been performed~ The first two simulations assumed that the permeability of the 
poroy_s J_nedia was isotropic. The two pernieabilities used in these simulations were 1o-14 and 
10-16 m2 which are equivalent to hydraulic conductivities of 1o-7 and 10~9 m/s. The porosity 
of the rock mass was taken to be 0.01% (Bergman, et al. (13}) in all cases. The cumulative 
cavern air loss for the simulation with 10-9 m/s is illustrated in Fig. 10 along with the 
measured cumulative air leakage. In this regard, the error tn the .simulation at the end of 
the thi_rd test is an accumulation of error from all the proceeding tests. 

It should b~ noted that the simulation with a permeability of lQ-14 m2 (recommended by 
Bergman, et al. \13J) resulted in air leakage rates of much greater magnitudes than measured. 
However, at this point, it is not clear which permeability (if either) is applicable to the 
rock mass containing the Flygmotor caverns. 
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The final twq simulations used the empirical permeability/normal stress relationship deve-
1 oped by Burgess(ll}. This formulation assumes that: 

r 

'equivalent porous media permeability is a function of the normal stress across a joint set 
· at an assumed ori entation. 

• the relationship can be determined from field measurements which preferentially measure 
horizontal permeability wherein normal pressure on the discontinuities is equal to the 
weight of the overburden. · 

Prior to making the air leakage calculations with the empirical permeability relationship, 
an elastic stress analysis of the Flygmotor caverns was performed for the purpose of obtaining 
the normal stress distributions across assumed joint sets at vertical and horizontal orien­
tations. The analysis was undertaken fOr coefficients of lateral earth stress of 5.5 and 10, 
which are typical measured values in hard rock at a depth of about 100m ·(see Fig. 2). With 
these stress results and the stress-dependent permeability relationship, the air leakage was 
found to be approximately a factor of 30 greater than that measured. In effect, the coef­
ficient of lateral earth stress was found to have only a minor influence on the volume of air 
leakage. However, the location of leakage in the cavern (roof versus rib) is strongly depen­
dent on the in situ stress ratio, with the higher value giving rise to a greater loss of air 
through the cavern ribs. 

The over-estimation in the air leakage is due to several factors. Firstly, the empirical 
perm:a~ility/~tress relatjon~hip was derived with a bias t~ards. the greater values of per­
meab111ty (St1l1e, et al.(12J). Secondly, the assumed two-d1mens1onal model of the Flygmotor 
cavity is extremely important in evaluating the percent air loss. In this regard, the cavern 
system was modeled as an equivalent volume disc with a height of 3.5 m. The air loss from 
this simulation was significantly lower than that obtained with the two-dimensional analysis. 
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Project Title: Establishment of Design and Stability Criteria Through Laboratory 
Testing of Hard Rock Specimens Subjected to Loadings and Environ­
mental Conditions Appropriate to a Compressed Air Energy Storage 
Cavern 

Principal Investigator: Dr. Arlo F. Fossum 

Organization: 

Project Objectives: 

Project Status: 

Contract Number: 

Contract Period: 

Funding Level: 

Funding Source: 

RE/SPEC Inc. 
P.O. Box 725 
Rapid City, SO 57709 
(605) 343-7868 

Investigate the properties of hard rock specimens, from formations 
suitable for CAES under the cyclic conditions imposed by a CAES 
installation, by means of laboratory scale testing and formulate 
preliminary design and stability criteria for CAES caverns. 

This project is divided into the following five .Phases: 

(lj 
(2) 
( 3) 

(4) 
(5) 

Determine Significant Rock Properties 
Procure Specimens 
Select Specific Procedures for Rock Characterization before 
and after Testing 
Conduct Laboratory Scale Testing of Rock Specimens 
Formulate Stability and Design Criteria 

The project status is as follows: 

(1) 

(2) 

( 3) 

('4) 

(5) 

The significant rock properties have been determined for which 
data are lacking and a study is nearing completion which seeks 
to find representations between certain rock properties and 
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after testing have been selected and are proceeding according 
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LABORATORY TESTING OF HARD ROCK SPECIMENS FOR COMPENSATED CAES CAVERNS 

A. F. FosslftTl 
RE/SPEC Inc. 
P. 0. Box 725 

Rapid City, SD 57709 

ABSTRACT 

Laboratory scale testing and its role in the formulation of compressed air energy storage 
(CAES) cavern stability and design criteria are discussed with viewpoints toward fundamental 
and special tests. Fundamental testing provides numerical values of parameters between stress 
~nd strain. In addition to the initial elastic constants, six fundamental coefficient material 
functions are identified of which five require data fitting. The constitutive equations 
deemed appropriate are inelastic but incrementally linear and involve a combination of incre­
mental plasticity and fracturing material theory. Special testing provides answers to specific 
questions related to rock behavior in thepresence of CAES operating conditions. For example, 
"How is the load bearing capacity and stiffness of rock affected by thermomechanical cycling, 
in the presence of moisture under pressure?" These and other similar questions must be · 
answered by testing rock in systems which reproduce the operating conditions as closely as 
possible. 

INTRODUCTION 

Laboratory scale testing provides a means· for addressing those unkn<Mns which may affect 
the technical and economic feasibility of Compressed Air Energy Storage (CAES) from the stand­
point of the response of underground caverns to pressure, temperature, and moisture fl uc­
tuations occurring during the periodic charge and discharge operations. Results from such 
testing, together with other Pacific Northwest Laboratory sponsored programs, should culminate 
in the formulation of design and stability criteria for CAES caverns to ensure their long 
lifetime suitability and encourage early commercialization of the CAES concept. 

The pertaining CAES operating conditions of primary interest include the following: 

(1) Initial vertical and horizontal in situ stresses and hydraulic pressures 
corresponding to cavern depths of 500 to 1000 meters (vertical stress gradients range 
from 0.0282 MPa/m for metamorphic rocks to 0.0247 MPa/m fQr sedimentary rocks with an 
intermediate value of 0.0269 MPa/m for igneous rocks).l1) In general, for these 
depths, the maximum horizontal in situ stress may be (s4bstantially greater than the 
vertical in situ stress, by a factor Of two or more. 1J The water pressure may be 
taken as 0.01 MPa/m; 

(2) Inlet air temperatures from 50 to 150°C, 

(3) Compensating water temperatures from 0 to 20°C, 
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(4) Initial rock temperatures (the geothermal gradient varies from region to region with 
an average value of approximately 28°C/Km(1J); 

(5) A useful life of approximately 10,000 cycles, or 30 years. 

The specification of CAES caverns in hard rock imrrediately categorizes the situation to 
one involving igneous (granitic), possibly metamorphic, and certain sedimentary (limestones, 
marbles, dolomites) rocks. At the pressures and temperatures mentioned above, these rocks 
behave in a brittle manner in which the modes of inelastic behavior are microcracking and fric­
tional sliding on fissure surfaces. This type of behavior is dominant for crustal conditions 
as opposed to at-depth conditions where the pressure-temperature regime is conducive to duc­
tile rock behavior i nvo 1 vi ng di sl ocat ion processes. Thus, cons ide ration must be given to the 
influence of joints or planes of weakness, permeability, and groundwater presence. In addi­
tion, the cyclic temperature fluctuations will induce cyclic thermomechanical stresses which 
may degrade the strength and stiffness properties of the rock structure and lead to 
progressive global and/or local instabilities. 

ROLE OF LABORATORY TESTING 

The role of laboratory scale testing in the formulation of stability and design criteria 
is two-fold. On theone hand, parameters necessary in conducting analyses must be determined 
experimentally by testing rock specimens in systems which induce homogeneous stresses and 
strains. These parameters are fundamental ·parts of the expressions relating stress and strain 
and as such characterize the rock under consideration. Such expressions are derived within the 
realm of general theories, the structure of which must satisfy a number of physical prin­
ciples. Many times these fundamental physical requirements are conceived following the obser­
vation of experimental behavior. 

On the other hand, laboratory scale testing can provide an understanding of some charac­
teristics of the real world in the absence of a theory encompassing the known behavior and for 
which analytical or numerical solution techniques fail. In this case testing seems to be, and 
often is, the only available approach possible within the time limitations imposed. In the 
study at RE/SPEC, testing is being. conducted for both purposes. For discussion purposes, 
reference will be made to fundamental testing and special testing in the context of the above 
definitions. 

FUNDAMENTAL TESTING 

The essence of an analysis of a CAES cavern, for the purpose of formulating stability and 
design criteria, is the ability of the engineer to predict the mechanical behavior of a rock 
mass supported and loaded in a specified manner from controlled experiments on simple rock 
bodies. This requires the engineer to formulate constitutive equations and to solve boundary 
value prob 1 ems. 

In the current context, constitutive equations are the relat.ions between stress and 
strain. In addition to stress and strain, the constitutive relations for rock are likely to 
involve other measurable physical quantities such as time, temperature, and quantities called 
internal parameters for which a direct measurement cannot be made. However, the effects of 
internal parameters can usually be expressed in terms of stress or strain history. 
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A knCMledge of the deformation mechanisms is valuable in suggesting particular forms for 
phenomenological constitutive relations. Si nee CAES caverns are proposed for the brittle 
temperature-pressure regime, the observed macroscopic inelastic strain may be considered as 
the outcome of a chain of events including frictional sliding on microscopic fissures, 
attended by the outgrCMth of localized tensile cracks from the tips of the fissures, and 
overriding of asperities. Dilatancy is thought to be the cumulative effects of these latter 
features. The criterion separating elastic from inelastic behavior for .rock is pressure 
dependent because of the frictional nature of rocks. This type of pressure dependence is dif­
ferent than that which has been observed in metals arising from microporosity. The latter is 
characterized by a description in which the pressure dependence of the criterion separating 
elastic from inelastic behavior is fully matched by inelastic dilatancy. This type of beha­
vior is not observed in the laboratory testing of rocks. 

In general, the behavioral aspects of rock are complicated indeed and the phenomenological 
approach to the description of rock behavior leads to sophisticated constitutive relations. 
But, in order for the analyst to obtain realistic results, the use of such relations is in 
fact necessary. Fortunately finite element methods render structural analyses with sophisti­
cated constitutive relations feasible. Nonetheless, one must be mindful of the degree of 
accuracy called for in a particular rock mechanics analysis and simplify the description in a 
judicious manner, such that the important or dominant characteristics which affect the struc­
tural behavior significantly under the prevailing conditions are considered. 

The two broad categories of constitutive relations are those in which increments of stress 
and strain are linearly related, and those in which the relation is .nonlinear. The first 
includes the incremental or flCM theories, the total or deformation theories, and hypoelasti­
city. The second includes the endochronic theory. The premise is taken here that incremen­
tally linear inelastic constitutive laws are appropriate for the degree of accuracy called for 
in the analysis of CAES caverns under the pertaining conditions. 

Fundamental Requirements of an Incremental Approach 

The essential ingredients of an incremental approach to rock behavior are the follCMing: 

(1) A criterion marking the onset of inelastic rock behavior; 

(2)· Rules relating the stress and stress increments or decrements to the strain 
increment; 

(3) Hardening and softening rules; 

(4) Limit or failure criteria at which instability results. 

In much of the rock mechanics literature, a tacit equivalence seems to exist between item (4) 
and item (1) and as a result little data exist for items (1)-(3). Constitutive laws exist 
hCMever which include all of the essential features for a structural analysis and which are 
appropriate to the study of CAES caverns(2). These constitutive laws combine familiar incre­
mental plasticity and fracturing material theory and provide nonlinear triaxial constitutive 
relations which are incrementally linear. The dominant characteristics accounted for in these 
relations, which may be important to CAES cavern performance, are internal friction, pressure 
sensitivity, inelastic dilatancy due to microcracking and friction, strain hardening, strain 
softening, degradation of elastic moduli due to microcracking, and hydrostatic nonlinearity 
due to pore collapse. In addition, special hardening rules can be incorporated which permit 
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inelastic response during unloading, reloading, and cyclic loading, as experienced at the. 
periphery of a CAES cavern during the periodic charge and discharge operations. For compen­
sated systems, which are of interest in this study: cycli~ loading is induced by the periodic 
heating and cooling of the cavern wall corresponding to charging when hot air is injected 
into the cavern, and discharging when cold water displaces the hot air. 

Generally speaking, the constitutive relations mentioned above require, in addition to the 
initial elastic constants, six independent scalar coefficients. These coefficients are 
material functions of the invariants of stress and strain. The initial elastic constants are 
shear modulus and bulk modulus. The six inelastic material functions are identified as 
follOiis: 

(1) Plastic hardening modulus; 

(2) Fracturing compliance; 

(3) Internal or plastic friction coefficient; 

(4) Volumetric fracturing compliance coefficient; 

(5) Plastic dilatancy factor; 

(6) Fracturing dilatancy factor. 

Of these six functions, only one has been determined theoretically(3). The fracturing dila­
tancy factor has been determined by a theoretical argument based on a micromechanics model in 
which the effect.ive elastic constants of a randomly mjcrocracked elastic material are calcu-
1 ated by the self-consistent method for composites(3J. The remaining five functions must 
be determined empirically by the fitting of test data. 

Figure 1 demonstrates hOii incremental plasticity is combined with fracturing material 
theory to obtain a realistic plastic-fracturing theory. The behavior depicted in Fig. lb pre­
vails at very lOti confining pressure as well as in the later stages of uniaxial compression. 
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Fig. 1. Elements of Elastic-Plastic-Fracturing Behavior. 
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The behavior depicted in Fig. la is pronounced at high confining pressure and in.the early 
stages of the uniaxial corrpression test. During testing, the individual contributions con­
sisting of plastic slip and microcracking are·estimated with an observation of the unloading 
slopes. The inelastic strain will be essentially plastic if the unloading slope is nearly 
equal to the initial loading slope. The inelastic strain due to microcracking or fracturing 
will be the strain due to an unloading slope decline. This notion is illustrated in Fig. 2. 

0 

i -1 

Strain 

Fig. 2. Components in Total Stress and Strain Increments 
for Plastic-Fracturing Behavior. 

The fundamental laboratory testing at RE/SPEC is, for the most part, being carried out 
with the use of triaxial (axially symmetric) corrpression machines. In principal, two fun-
damentally different types of deviant stress states can be achieved with this type of 
machine, namely triaxial corrpression and triaxial extension. In practice, h~ever, the 
triaxial extension mode is difficult to execute because of sealing problems and of the. 
requirement for confining pressures which usually exceed the machine's capacity. This is 
unfortunate since these two types of stress states give bounds on the criterion separating 
elastic from inelastic behavior (for materials exhibiting initial isotropy). Fig. 3 illustra­
tes the stress states associated with these two tests. In the. triaxial corrpression test, the 
axial stress exceeds the uniform lateral stress, and in the triaxial extension test, the 
lateral stress·exceeds the axial stress. If the criterion separating elastic from inelastic 
behavior is known for all possible stress states, then a hypersurface can be constructed which 
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bounds the elastic region in a stress space with principal stresses as coordinates. Figure 4a 
shOt'ls the projectio_n of. such a region on the plane which intersects the principal stress axes 
with equal angles for a Mohr-Coulomb criterion and a Drucker-Prager type of criterion. The 
axes passing through the outer vertices correspond to the triaxial compression stress states 
and those passing through the inner vertices correspond to the triaxial extension stress 
states identified in Fig. 3. For a given mean stress, geological materials are generally 
stronger in compression than in extension. Thus, a cone constructed from triaxial compression 
data circumscribing the Mohr-Coulomb criterion will give inflated strength values for other 
stress states. One can, however, use triaxial compression data to construct other cones such 
as one passing through the inner vertices, or one which is tangent to the individual sides of 
the Mohr-Coulomb surface. Obviously the cone, or circle in the plane shOt'ln in the figure, is 
a conjecture with regard· to the actua·l str:ength values for any stress state other than 
triaxial compression.· The Mohr-Coulomb criterion may come closer to the actual situation, but 
without tria xi a 1 extension data or data from other stress states, its adequacy is not knOt'ln 
with any certainty. The Mohr-Coulomb criterion can also be evaluated in terms of triaxial 
compression data. · 

Fig. 4b depicts· 'a CAES cavern ~ith a height to width ratio and a horizontal to vertical 
initial stress rat'io of two. Near the. corners of this cavern, the state of stress is in pure 
shear. In the roof~ the stress state is near pure shear on the triaxial _extension side. In 
the floor the stress state is near pure·shear on the triaxial compression ·side. The state of 
stress along the wall' is at 'or near' triaxial extension. Thus the importance of 'interpreting 
triaxial compression data is clear; states of stress near triaxial compression may not even 
exist near the periphery of the cavern where inelastic behavior is most important. 
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With this awareness, the material functions mentioned earlier are being evaluated with the 
use of triaxial canpression tests. A determination of the type of hardening that exists and 
the study of intrinsic corners that may develop in the loading surface (hypersurface in stress 
space) cannot be accomplished with this test. 

Other aspects which are being considered include the following: 

(1) Influence of temperature and moisture on rock properties; 

(2) Influence of type, orientation, and spacing of joints on rock properties; 

(3) Degradation of strength and stiffness of rock under cyclic loading with and without 
the presence of temperature, moisture, and confining pressure. 

These considerations fall under the realm of special testing. 

SPECIAL TESTING 

Special testing refers to those tests which have rather a singular purpose. These tests 
are somewhat out of the ordinary but provide information which can be used as the basis for an 
understanding of rock behavior under circumstances which are difficult to model, or for which a 
sufficiently general theory does not exist. Although a compensated cavern will not experience 
much internal pressure change, the thermally-induced stress variations can be substantial. 
Therefore, the reduction in strength and stiffness and the change in permeability of rock is 
being investigated as a function of stress cycles. 
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Generally speaking, the fatigue life of a specimen consists of three phases, namely, 
nucleation, progagation, and rupture. There is not a clear distinction between nucleation and 
propagation, but rupture refers to fracture under a quarter cycle of loading. 

Rocks exhibit several damage mechanisms which can progress independently or in interaction 
with each other. Because of the complex microstructural nature of rocks, the characterizing 
and monitoring of the damage process during cyclic loading is difficult at best. The likely 
damage mechanisms include matrix cracking, grain boundary cracking, and fracture of embedded 
minerals. For a brittle material such as rock, rupture is due to the formation, gr0t1th, and 
coalescence of microcracks. Since one expects, for this type of material, that the nucleation 
period is long compared with the propagation period, the Palmgren-Miner rule is probably ade­
quate for prediction of fatigue life. Correspondingly, one of the types of fatigue testing 
being conducted at RE/SPEC is the uniaxial load controlled fatigue test. The data from these 
tests can be presented graphically as stress-life (S-N) curves. Since the fatigue life 
depends on numerous variables including mean stress (steady component stress), range of 
stress, 1 oadi ng frequency, temperature, moist4r~ content, and specimen size, a method for 
screening, as outlined by Plackett and Burman~4J, is being employed involving a design of 
optimal multifactorial experiments. 

In addition to the cycles-to-failure data, cyclic stress-strain curves are being obtained 
'periodically throughout the test so that modulus decay can be characterized. These data are 
important to thermal stress calculations since these stresses are directly proportional to the 
modulus of elasticity. 

Another special cyclic loading test which will be conducted at RE/SPEC is one in which a 
cylindrical test specimen is subjected to a· confining pressure and a cyclic axial load. The 
confining fluid, which will be alternately cold water and hot air, will be all0t1ed to make 
contact with the test specimen. By maintaining the preloaded test specimen at a constant 
length, cyclic thermal stresses will be induced by the exchange of hot air and cold water. If 
failure does not occur after a specified number of cycles, the specimen will be broken and the 
residual strength recorded. The axial preload, confining pressure, and water and air tem-
peratures will be chosen to be representative of an operating CAES cavern. · 

Other testing either in progress or proposed for the future include the guarded hot plate 
test for the determination of thermal conductivity as a function of temperature, and charac­
terization tests for the determination of bulk density, grain size range, porosity, and per­
meability. In addition, modal petrographic and chemical analyses are in progress. 

Finally, upper and l0t1er bound representations have been established which give effective 
thermal conductivity of a generic rock as a function of the thermal conductivities and volume 
fractions of the constituent minerals. 
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PERMEABILITY AND FRIABILITY ALTERATIONS IN QUARTZOSE SANDSTONES EXPOSED TO ELEVATED 
. . TEMPERATURE HUMIDIFIED AIR 

J.A. Stottlemyre; R.L. Erikson, and R.P. Smith 
Pacific Northwest Laboratory 
Richland, Washington 99352 

ABSTRACT 

The feasibility of elevated temperature Compressed Air Energy Storage concepts may depend, 
to a major extent, upon the physical and chemical stability of reservoir rocks to new environ­
mental conditions. This paper is based on preliminary autoclave studies of quartzose sand­
stones exposed to simulated CAES subsurface conditions. The properties of primary concern are 
absolute gas permeability;· friability, and compressibility. Independent variables include 
temperature (50-300°C), pressure (20-120 bars), experiment duration (14-56 days), and environ­
ment (dry air, humidified air, or brine). Preliminary observations, based on a very limited 
data set, are: 1) quartzose sandstones exposed to dry air exhibit excellent property stability 
under all test conditions, 2) samples undergo stgnificant disaggregation when exposed to brine 
at temperatures as low as 100-l50°C, and 3) when exposed to humidified air at elevated tempera­
ture. Preliminary results indicate sandstones may be suitable storage media for heated, humid 
air as long as elevated temperature zones are relatively free of mobile liquid phase water. 

INTRODUCTION 

The economic and technical feasibility of Compressed Air Energy Storage (CAES) technology 
depends to a major extent on locating, developing, and maintaining a suitable subsurface 
reservoir. One area of uncertainty is the physical and chemical stability of the reservoir 
medium, e.g., sandstone aquifer or crystalline rock to new subsurface environmental conditions 
associated with CAES operations. Of primary interest are potential changes in permeability, 
friability, and compressibility of sandstone due to elevated temperatures, humidities, and 
oxidation potentials. 

This paper is a synopsis of a recent laboratory investigation concerning the potential 
effects of heated, humidified air on quartzose sandstones. Information is presented in the 
following sequence: 1) anticipated reservoir environment, 2) experimental facilities and 
procedures, 3) multivariate experimental strategy, 4) data analysis and conclusions, and 5) 
summary recommendations. 

ANTICIPATED RESERVOIR ENVIRONMENTS 

Numerical models(l) have been utilized to estimate the temperature, pressure, and moisture 
levels as a function of tnjection air temperature, radial distance from any given well, and 
time. Example curves for temperature and pre~sure are shown in Figs 1 and 2 and are based on 
the reference data presented in Table 1. In a CAES reservoir, moisture will be derived from 
two sources: 1) residual or irreducible water left in the porous rock after initial air bubble 
expansion, and 2) water vapor entrained in the injected air stream. This moisture will be 
g:adually removed from.the near wel~ zon~s via evaporation with undersa~~rated injection air. 
F1g. 3 presents a poss1ble dehydrat1on h1story for the reference reserv'olr. (1) 
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TABLE l. Reservoir Parameters for Base Case 
Computer Simulation (Wiles 1979) 

Parameter Reference Va 1 ue 

Geometry 

Reservoir Diameter (m) 

We 11 Diameter (em) 

Properties 

Porosity ( %) 

Permeabi 1 i ty (m2) 

Rock Thermal Conductivity (w/m- °C) 

Rock Thermal Capacity (MJJm3· °C) 

Operating Conditions 

Nominal Pressure (MPa) 

Mass Flow Rate 

Injection (kg/s-m) 

Extraction (kg/s-m) 

Initial Reservoir Temperature (K) 

Air Injection Temperature (K) 

122 

18 

20 

5.0xlo- 13 

2.16 

2.62 

5.07 

0.18 

0.16 

312 

505 

These computations are necessary to establish limits on the expected subsurface reservoir 
conditions. From this data, it appears that a certain zone of rock surrounding each well will 
be exposed to heated humidified air for an extended period of time. It is therefore necessary 
to simulate these environmental conditions, to the degree possible, in laboratory investigations. 

EXPERIMENTAL FACILITIES AND PROCEDURES 

To adequately simulate anticipated field conditions, the sample should be heated, loaded 
triaxially, and ventilated wi'th atr of known humidity, temperature, and flow rate. Measure­
ments of principal concern include the pressure drop along the axis of the rock core, axial 
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and radial deformation, effluent air humidity, and suspended particulate load. Such a facility 
is currently being designed and fabricated at PNL. In the interim, autoclaves are being 
utilized to generate preliminary data. 

Fig. 4 is a schematic of an autoclave system . A cylindrical specimen is subjected to one 
of four environments: heated dry air, heated humidified nitrogen, heated humidified air, or 
heated brine. The main limitations of autoclave tests are: 1) no effective stress is imposed 
on the sample, 2) a large fluid to rock volume ratio exists, 3) no advective fluid transport 
control is possible, and 4) only room temperature permeability, porosity, and strength measure­
ments are possible, and then only prior and subsequent to sample treatment. 

Ten centimeter diameter Galesville sandstone cores were recovered from a depth of 685 rn at 
the Media natural gas storage facility in Illinois. The quartzose sandstone is white to 
grayish-white and has an estimated mean grain size of 0.5 mm. Petrographic examination reveals 
that the subangular clasts are equant to subequant in form and are almost entirely quartz with 
minor amounts of plagioclase and kaolinite. The cementing material is also predominantly 
crystalline quartz. The rock as a whole is moderately well sorted and exhibits cyclic parallel 
bedding of thin, coarse-grained layers and thicker, fine grained layers. Fig. 5 is a micro­
graph of a typical Galesville sample. Pig. 6 shows a range of permeability values for the 
Galesville samples. Galesville sandstone is currently under consideration as a candidate rock 
type for a CAES field demonstration. 
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MULTIVARIATE EXPERIMENTAL STRATEGY 

J. 

The main objectives of the experiments are: 1) identify independent variables that have 
significant impact on the response of the rock, 2) identify those independent variables that 
have relatively small influence and therefore can be held constant in future experiments, and 
3) identify trends in the data pertaining to CAES reservoir design and/or operating criteria . 
A Placket-Burman experimental design was selected to systematically investigate the main 
response characteristics of the dependent variables to various combinations of the maximum and 
minimum magnitudes of the independent variables. The variables and their ranges are listed in 
Table 2. 

The cores are reacted in: l) a dry air environment, 2) a water vapor and pure nitrogen 
environment, 3) a water vapor and air environment, and 4) a brine environment. Table 3 
i 11 us tra tes the percent change in gas permeabi 1 ity and "friability". Friability is basically a 
qualitative term which refers to the potential for individual grains to dislodge from the rock 
matrix. The friability test involves a carefully controlled point loading of the specimen and 
is designed to address changes in intergranular contact strength. Temperature, liquid water 
saturation, and duration of the experiment were found to be the most significant independent 
variables controlling permeability, porosity and friability alterations. Figures 7 and 8 show 
the percent changes in gas permeability and "friability" for various combinations of these 
three variables. The changes are listed inside the circles as either increasing (f) or decreasing 
(t) a certain percentage over the pretest level. 

TABLE 2. Range of Independent Variables TABLE 3. Test Matrix for Screening Experiments 

,.,...b111 ty frlabl ltt,y 
I ndependent 

Ma xi mum Value Va r le~b le Mi ni mum Value 
"""SUI'IT ... r•ture Tt• ~ m. 1~!;:~, ,;!~:: , ,:~~) J! ~;ld . 1 .... 

!ct!l .J!!mL __i.:ll_ ~ __ill_ ~ 

120 ... o.s 21 0 . 1 lol 00 I " 

Pres sur e (bars) 60 120 120 .. 2. 0 21 0 . 1 ... ... I" 
w ,.. 2. 0 21 o.o ' '" ... t 22Z 

Temperatu r e ( ° C) 50 300 120 ,.. 2.0 0. 0 165 173 t474 

120 ,.. o.s 0.0 176 Ill Il lS 

Time (months) 0. 5 2. 0 120 .. o.s 0. 1 111 '" I " .. .. o.s 21 0 .0 l ol loe I" 
OxyQen content ( .... ) 0.0 21. 0 .. .. 2.0 0 . 1 It• h1 I " 

Ca rbon diox ide content {'' ) 0.0 0. 1 

St irr i ng frequency (per day) 

• 

w ,.. o.s 21 0 . 1 Ito \16 t m 
10 120 .. 2. 0 21 0 . 0 I tt '" I" 
11 w ,.. 2. 0 0 . 1 '" '" , ... 
" .. .. o.s 0 .0 ' 

,., 
'"' I " 

li quid saturated environmen t No Yes 

Air and vapor satur a t ed environment tlo Yes •Actu.~ l PNUII,.. IM:I'NSed to JtN\'ti'l t flU Mftt 

• Dependent Vari ables- Gas permeability , li qui d permeabil ity, Fr i abil i ty. Porosity 
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DATA ANALYSIS AND CONCLUSIONS 

Figs. 9 through 11 present data on the effects of temperature on apparent porosity, gas 
permeability, and "friability". The triangular symbols are the dry air tests, the open circles 
are the brine tests and the closed circles are the humidified air tests. During the course of 
the investigation it was discovered that in the humidified air experiments, vapor was condens­
ing on the roof of the pressure vessel, dripping onto the core, and presumably dissolving the 
sandstone cement. This chemical dissolutioning resulted in subsequent disaggregation of the 
sample, increased "friability", and increased permeability. To prevent this anomalous effect, 
the specimen was shielded from the condensate by gold foil as shown in Fig. 12. For the 
specimen on the left, the corner of the shield was purposely placed in contact with the rock 
and the resulting dissolution is apparent. The specimen on the right, however, is adequately 
protected from the condensate and reveals good visual appearance even after treatment with 
humidified air. Results from the "gold shield" experiments all fall within the arbitrary 
stability zones shown in the figures . Those humidified air tests without shielding resulted in 
the anomalous data points outside the stability zone. 
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Based on preliminary autoclave data the following is concluded: 

1. Samples exposed to dry air demonstrate excellent stability under all autoclave test 
conditions. 

2. Samples exposed to humidified air also support good property stability. However, the 
nature of autoclave experiments and the length of the tests are such that the possibility 
of hydrolytic weakening and time delayed grain dislocations can not be presently dis­
missed. Similarly, the phenomenon of thermal fatigue may require investigation. 

3. Unconfined samples exposed to heated brine reveal increased friability probably due to 
dissolutioning of the intergranular cement. This disaggregation could result in increased 
permeability; however, it is possible that the dislodged particles may ultimately reduce 
tbe permeability by plugging the formation. 

4. Statistically meaningful conclusions are not possible based on existing autoclave data. 

SUMMARY RECOMMENDATIONS 

Based on literature reviews, consultant interactions, laboratory investigation, and 
numerical modeling efforts, preliminary conclusions concerning sandstone property stability can 
be formulated. CurreQt)y, it is concluded that most of the potential alteration mechanisms 
identified previously\2) can be dismissed as insignificant for an adequately designed and 
operated CAES facility. Table 4 is a list of the potential alteration mechanisms that for 
one reason or another fall into this category.(3) Table 5 is a list of potential mechanisms 
that cannot be tabled at this point and require additional investigation. This includes thermal 
fatigue and hydrol ytic weakening . Thermal fatigue refers to a reduction in material strength 
due to thermal stres s cycl i ng. Hydrolytic weakening refers to a reduction in strength due 
to water vapor induced chemical attack of silicate mineral bonds. If active, either or both 
mechanisms could conceivably result in the generation of particles or fines and subsequent 
reduction in permeability. 

As a result of investigations to date, the following is recommended: 

1. Quartzose sandstone should be subject to more extensive autoclave experiments in order to 
yield data of more statistical significance. 

2. Investigate the phenomena of thermal fatigue and hydrolytic weakening in laboratory 
experiments designed to simulate anticipated field conditions. 
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3. Investigate the possibility of particulate plugging should either or both of the above 
mechanisms result in significant particle generation within the sandstone matrix. 

4. Investigate porous media desaturation and effective thermal diffusivity properties to 
ensure validity of numerical modeling conclusions. 

5. Extend analyses to other potential CAES rock types besides quartzose sandstones. 

6. Initiate field investigations of the elevated temperature CAES concept in the near future. 

TABLE 4. Potential Alteration Mechanisms 
Considered Unlikely Under CAES 

Conditions 

• Clay swelling and dispersion 
• Mineral dissolutioning and scaling 
• Fluids incompatibility 
• Increased compressibility 
• Redox reactions 
• Casing corrosion 
• Well completion cement degradation 

TABLE 5. Potential Alteration Mechanisms 
Still Requiring Investiqation 

• Thermal fatigue under CAES conditions 
• Hydrolytic weakening of silicate minerals 

under CAES conditions 
• Particulate plugging 
• Thermo-mechanical plugging (marginal} 
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TWO-DIMENSIONAL FLUID AND THERMAL ANALYSIS OF DRY POROUS ROCK RESERVOIRS FOR CAES 

L. E. Wiles 
Pacific Northwest Laboratory 
Richland, Washington 99352 

ABSTRACT 

The analysis of the hydrodynamic and thermodynamic response of a Compressed Air Energy 
Storage (CAES) dry porous media reservoir subjected to daily air mass cycling is described. 
The analysis is based upon a numerical computer model that uses a finite difference method to 
solve the two-dimensional (r-z) conservation equations for the transport of mass, momentum, and 
energy in the below ground system. The investigation·quantifies the behavior of those parameters 
that enter the model by virtue of inclusion of the vertical dimension. The topics that were 
evaluated were the wellbore heat transfer and the pressure and temperature response of the 
reservoir. The wellbore heat transfer was evaluated with respect to insulation, preheating 
(bubble development with heated air), and air mass flow rate. The wellbore heat transfer 
reduces thermal energy recovery while offering the advantage that the temperatures and thermal 
cycling at the reservoir were reduced. The most severe thermal cycling occurred in the"well­
bore near the earth surface. The pressure and temperature responses of the reservoir were 
found to be largely dependent on the producing length of the wellbore within the porous zone. 
Reduced producing lengths resulted tn increased reservoir pressure losses as well as non-
uniform temperature distributtons. Other reservoir parameters that were evaluated that had 
less significant effects were anisotropic permeability and stratified permeability, heat losses 
to the vertical boundaries, and natural circulation. 

INTRODUCTION 

The analysis of the hydrodynamic and thermodynamic response of CAES porous media reservoirs 
subjected to daily air mass cycling is intended to provide design guidelines for the ·efficient 
and(ft~ble operation of the air storage reservoir. Previous investigations performed at · 
PNL • J have been based on one-dimensional (radial) modeling. Several parameters were sub­
sequently identified that required two-dimensional (radial, vertical) modeling to be able to 
quantify their effect on reservoir performance. These parameters included heat transfer 
between the wellbore and the caprock and overburden, heat transfer between the porous zone and 
its vertical boundaries, natural circulation in the porous zone, anisotropic and stratified 
material properties (specifically, permeability) and the producing length of the wellbore. The 
two-dimensional model and the analysis of these parameters is the subject of this paper. 

THEORETICAL DEVELOPMENT 

BASIC ASSUMPTIONS AND GOVERNING EQUATIONS 

The important basic assumptions that were applied to this analysis are: 

• The fluid and solid phases are in local thermal equilibrium. 

• The transport of mass, momentum, and energy occurs in.~he radial and vertical directions. 

• ·The reservoir and th~ air are dry. 

• The Darcy equation for low velocity flow is applied. 
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Additional assumptions are described in a topical report to be issued by PNL. The application 
of these assumptions results in the following set of equations that describe the transport of 
mass, momentum and energy in the reservoir. 

• Conservation of mass 

L (cpp) + l L (rcppu) + L (cpp~ol) 0 
at r ar az 

( 1 ) 

• Conservation of momentum in the radial direction 

{2) 

• Conservation of, momentum in the vert.ical direction 

(~:P) (cprw) = -cp :~ + cprgz; and (3) 

• Conservation of energy 

Lt )
1

(1-"')p C T. + ·~pC Tl + .!_. f.- (r"'puC.T) a { C T) l a ( K aT ) a ( K aT) {4) a . \ 'I' S S . 'I' V r. or 'I' p + az cppW p - r ar r r ar - al Z az = O 

A definition of nomenclature is given in Table 1. 

BOUNDARY CONDITIONS 

The reservoir geometry used in this study is shown in Fig. 1 where the region of influence 
of a single well is shown as a vertical cylinder with the wellbore at the center. The 
applicable regions of the overburden, caprock, porous rock and basement rock are shown. The 
producing length of the wellbore is the section of the wellbore in the porous zone throu~h 
which air can pass. At the wellhead the mass flow rate is continuously specified. During the 
reservoir charge cycle the temperature is specified. During reservoir discharge or when the 
reservoir is closed, the temperature at the wellhead is obtained from local equilibrium 
conditions. The outer.radial bo~nda~y of t~e single well reservoir is insulated to the trans­
par~ of mass and energy .. The· vertical boundaries of the porous zone. are insulated to the 
transport of mass. 'The earth surface and the bottom of the basement-rock are insulated to the 
transport of energy, The schedule_for·weekly air mass cycling is depicted in Fig. 2. 

REFERENCE CONDITIONS 

The foundation of the analysis is a set of reference .conditions for the reservoir geometry, 
material properties and operating conditions. The values given to these parameters are provided 
in Table 2. Unless otherwise specified, these values apply throughout the discussion of 
results. 

SOLUTION 

A detailed outline of the solution method of the governing equations will be provided in a 
topical report to be issued by PNL. Briefly, the solution is achieved with a numerical computer 
model which is based on finite difference techniques. 

ANAlYSIS AND RESULTS 

The development of the multi-dimens1ona1 numerical model has provided the capability to 
. investigate several important aspects of reservoir behavior that were previously beyond the 
consideration of the available one-dimensional models. The additional phenomena that could be 
evaluated were generally related to either the wellbore heat transfer problem or to those 
parameters that introduced vertical fluid andthermal perturbations in the porous zone. 
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TABLE 1. Nomenclature 

cs Heat ca~acity of rock 

c
0 

(Cv) Constant pressure (constant volume) specific heat of air 

9z Gravitational acceleration in vertical direction 

kr ( kz) 

Kr ( Kz) 

Permeability in radial direction (vertical direction) 

Effective thermal cond~ctivity of rorous rock in radial 
direction (vertical direction) 

Pressure of air 

Radial coordinate 

T1me 

Temperature 

Radial velocity of air 

w Vertical velocity of air 

Vertical coordinate 

Porosity 

Density of air (rock) 

Viscosity of air 

TABLE 2. Reference Reservoir Conditions 

Parameter 

Geometry 

Reservoir Depth 

Vertical Thickness 

Reservoir Diameter 

Well Diameter 

Completion Length 

Properties 

Porosity 

Permeabi 1 i ty 

Rock Thennal Conductivity 

Rock Thennal Capacity 

Operating Conditions 

Nomina 1 Pressure 

Air Flnw R"t~ 

Injection 

Extraction 

Percent of Air Cycled 

Injection Temperature 

Earth Surface Temperature 

Geotherma 1 Gradient 

Reference Va 1 ue 

518.2 m 

30.5 m 

121.2 m 

0.17 m 

30.5 m 

w 
2.16~ 

2.62 MJ 
~ 

5070 kPa 

5 45 ~ 
· sec 

7.17 ~ 
sec· 

(1700 ft) 

( 100 ft) 

( 400 ft) 

( 7 in) 

( 100 ft) 

20'l 

SOD md 

( Btu ) 
1. 25 hr-ft-°F 

Btu (39.1 ffJ:""F) 

(50 atm) 

(12.0 lbm) 
sec 

(15.8 lbm) 
sec 

12% 

232•c ( 4SO•F) 

21.1•c (70°F) 

0.0017°C/m (O.OOl•Ftft) 

Initial Reservoir Temperatures 
Detenni ned by Geotherma 1 Conditions 

!-+----OUTER RESERVOIR ----t~ 
DIAMETER 

EARTH 
SURFACE 

Fig. 1. Geometry for Two-Dimensional Analysis 
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WELLBORE HEAT TRANSFER 

Heat losses between the wellhead and the reservoir can have a significant impact on 
thermal energy recovery, thermal cycling, and thermal distributions. The parameters that were 
identified as having an impact on the wellbore heat transfer included wellbore insulation, 
preheating, air storage volume and reservoir depth. Wellbore insulation involves the modeling 
of an annular region of insulating material around the wellbore. Preheating refers to the · 
heating of the underground system by injecting heated air during bubble development. The air 
storage volume and reservoir depth will affect the optimum air mass flow rates and, therefore, 
the thermal energy entering the underground system. The depth also establishes the length over 
which the heat transfer may occur. To characterize the thermal response for these parameters, 
six cases were defined for analysis. These are outlined in Table 3. Each case was simulated 
for 1-yr of air mass cycling. Only the results for the insulated and preheated conditions are 
provided here. The cases involving storage volume ~nd depth (cases 5 and 6, respectively) 
basically only involve the rate of thermal energy entering the underground system. This will 
affect the magnitude of the results compared to the reference conditions but the same charac­
teristic behavior is observed. Details of the analysis of these parameters is left to the 
top1cal report to be issued by PNL. 

Case 

2 

3 

4 

5 

6 

TABLE 3. Parametric Cases for Wellbore Heat Transfer Analysis 

Initial Reservoir 
Thennal Well bore Depth 

Conditions Insulation (m) (ft) 

Geothenna 1 No 511!.?. ( 1700) 

Preheated No 518.2 (1700) 

Geothennal Yes 518.2 (17-00) 

Preheated Yes 5Hl.?. ( 1700) 

Geothennal No 5Hl.2 (1700) 

Geothennal No 1036.~ (3400) 

Reservoir 
Thickness 
(m) (ft) 

30.5 (100) 

30.5 (100) 

30.5 (100) 

30.5 (100) 

61.0 (200) 

30.5 (100) 

Other 
Conditions 

Reference 

Double Air 
1·1ass Flow Rates 

Double Air 
Mass Flow Rates 

A summary of the results for the thermal energy recovery is shown by Fig. 3. The results 
are compared with the results obtained by the one-dimensional model which employed essentially 
the same reservoir and operating conditions. The one-dimensional result essentially represents, 
for comparative purposes, a perfectly insulated wellbore. 

Thermal cycling of the air in the wellbore during the first week of simulated reservoir 
operation is shown in Fig. 4 for the reference conditions. Thermal development doesn't change 
the shape of the cycles although the amplitude of the cycles diminishes and the temperatures 
generally increase in time. 

Insulation 

The insulation is represented by a 10.2 em (4.0 in) annulus with an I.D. of 20.3 em (8.0 
in). The conductivity of the insulation was 0.216 W/m-°C (0. 125 Btu/hr-ft- 0 F). The volumetric 
heat capacity of the insulation (p.C.) was 0.724 MJ/m3-"'c (10.8 Btu/ft3-°F). 

1 1 

Thermal cycling of the air in an insulated wellbore is shown in Fig. 5 for the first week 
of simulated reservoir operation. The interesting point of this result is that the thermal 
cycling of the air in the wellbore is actually gr~ate~·for the insulated case than for the 
reference case for which there is no insulation. One explanation that serves to support this 
result is based upon consideration of the controlling heat transfer medium. During a charging 
cycle the heat transfer between the air i'n the wellbore and the surrounding material is 
controlled by the heat conductance of the surrounding material. During reservoir closure the 
hea~ transfer ts controlled by the low conductance of the air in the wellbore. Also, this 
cycling only represents the cycli"ng of the air temperature in the well bore. The heat capacity 
of the surrounding material i·s so 1 arge oy comparison to the heat capacity of the air that the 
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amplitude of the thermal cycling in the surrounding material decreases rapidly from the surface 
of the well bore. 

Preheating 

In Fig. 3 the effects of preheating are shown by curves 2 and 5 which should be compared 
to curves 1 and 4, respectively. The effects of preheating on thermal energy recovery are seen 
to dissipate after only about 20 weeks. In addition to the initial improvement of thermal 
energy recovery, preheating reduces the amplitude of the initial thermal cycling although 
temperatures are generally higher. However, the effects of preheating dissipate rapidly so' 
that after 1 year the thermal cycling of the preheated case i~ indistinguishable from the 
nonpreheated case. 
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RESERVOIR ANALYSIS 

The reservoir analysis was intend~d to characterize the fluid and thermal response of the 
reservoir to conditions that were encountered in the porous zone by virtue of inclusion of the 
vertical dimension. The principal measure of the fluid response was the quasi-steady-state 
difference between the wellbore boundary pressure and the reservoir average pressure. This 
pressure difference represents the work required to overcome fluid friction in the porous zone. 
The thermal response that was of interest was the temperature distribution. In general, factors 
which perturb the flow field and the-resultant quasi-steady-state pressure difference also 
affect the temperature distributions because the primary mode of energy transport is by 
convection. 

Pressure Response 

The parameters that wer:e i-dentified as important to the pressure response that required the 
inclusion of the vertical dimension to permit their evaluation were the producing length of the 
wellbore, and anisotropic and stratifi"ed permeability. The producing length of the wellbore 
proved to be the more important of these parameters. In Fig. 6 the quasi-steady-state pressure 
difference is plotted against the permeability !'latio.' The large effect of the producing length 
on the pressure loss suggests that the flow area· at the wellbore-porous material interface is 
extremely important. At thi"s i'nterface the porous zone flow velocities are at their maximum 
values. The series of lines i"n Fig: 6 are drawn for various producing lengths in a 30.5-m­
thick (100-ft-thick) reservoi-r. The producing lengths begin at the .top of the porous zone. 

The large effect of the producing length on the pressure loss suggests that the flow area 
at the wellbore-porous material interface is extremely important. At this interface the porous 
zone flow velocities are at their maximum values. These flow velocities dominate the reservoir 
pressure loss. The results dealing with producing length suggest the importance of extending 
the producing section of the wellbore through the entire reservoir thickness, to the extent 
possible, to avoid excessive flow losses. 

The results shown in Fig. 6 suggest that the permeability ratio has a much smaller impact 
on pressure loss. in the reservoir. For these cases' the horizontal permeability was fixed at 
500 md. Since flow from the wellbore is predominantly radial, for the case of the producing 
length being equal to the reservoir thickness, there is no noticable effect of the reduced 
vertical permeability on the pressure response. For producing lengths less than reservoir 
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thickness, a portion of the air must expand vertically after entering the porous zone. As the 
air moves away from the we11bore, the vertical flow area increases dramatically so that 
vertical flow velocities are small. As a result, the contribution of the vertical flow to the 
pressure drop is small even for cases of significantly reduced vertical permeability and 
reduced producing lengths. 

The effects of stratification of permeability were evaluated by modeling a 3.81-m-thick 
(12.5-ft-thick) layer of 100 md material, the top of which was 15.2 m (50ft) from the top of 
the porous zone. The surrounding material was fixed at 500 md. A series of cases were 
evaluated whereby the producing length of the wellbore, beginning at the top of the porous 
zone, terminated above, wi'thin, and below the low permeability layer. The effect on the 
pressure response for these cases was simi 1 ar in magnitude to the effect of the permeability 
ratio. 

Thermal Response 

Since the primary mode of energy transport in the porous zone is by forced convection, the 
thermal behavior of the porous zone will be largely determined by the mass transport. Factors 
affecting the mass transport that would affect the radial uniformity of the flow and that 
required the two-dtmensional modeli'ng for analysis included the producing length of the wellbore 
and stratifi'ed permeabi'Hty. In addition, phenomena is present, even in homogeneous reservoirs, 
that adds to the maldistribution of thermal energy in the reservoir. These include natural 
circulation, heat losses to the vertical boundaries and non-uniform flow distribution from the 
wellbore. However, these additional effects are of less importance. A discussion of their 
analysis will be provided i'n the topical report to be issued by PNL. 

An example of the effect of the flow disturbance on the thermal distribution is shown in 
Fig. 7 where vertical temperature profiles for various radii are shown for the reference 
reservoir and for a case in whi~h the producing length is 7.62 m (25 ft). This flow disturbance 
concentrates the thermal energy at the top of the reservoir. The thermal energy concentration 
and the steep thermal gradients may present problems from the standpoint of the structural and 
geochemical stability of the reservoir. Figure 7 is composed of data taken during the·first 
weekly cycle. 

Even in the homogeneous reference reservoir vertical temperature gradients exist, as shown 
in Fig. 7. These result from non-uniform flow distributions caused by the headering effect of 
the wellbore. These temperature gradients, once developed, stablize quickly, apparently due to 
the balancing effect of other heat transfer mechanisms. 

CONCLUSIONS AND RECOMMENDATIONS FOR FURTHER STUDY 

The results of the computer analysis have led to quantification and characterization of 
certain behavior of the underground CAES system that could only be addressed by a multi-

Fig. 7. 
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dimensional model. According to the results obtained by the numerical modeling, the fol.lowing 
statements can be made regarding the effects of the vertical parameters of the reservoir. 
With regard to wellbore heat transfer: 

• The recovery of thermal energy can be significantly reduced due to heat losses in the 
well bore. 

• Wellbore thermal insulation was shown to provide significant potential for improving 
thermal energy recovery. 

• Heat losses from an uninsulated wellbore reduce the thermal cycling and lower the 
temperature in the porous zone . 

• While wellbore insulation improves thermal energy recovery, the wellbore and porous zone 
are exposed to greater extremes of thermal cycling and higher temperatures. 

·• Preheating the reservoir may result in significantly improved thermal energy recovery 
and reduced thermal cycli"ng during the initial weeks of reservoir operation. 

• The effects of preheating are rapidly dissipated. 

With regard to thermal behavior in the porous zone: 

• The most important factor in determining the thermal distribution in the porous zone 
is the forced convection flow field. 

With regard to the fluid behavior in the porous zone: 

• The producing length should be maximized to avoid excessive pressure losses. 

• Reduced vertical permeability does not significantly affect the overall pressure loss in 
the porous zone. 

• Stratifi"catton of permeabi"l i"ty has a greater effect on pressure loss in the reservoir 
when the producing secti"on extends through the layer. 

The results of this investigation led to the next phase of model development. The 
importance of the producing length of the wellbore with regard to reservoir pressure loss was 
shown. For porous zones havi"ng a liquid phase water boundary below the air storage zone, ~he 
producing length will necessarily be less than the storage zone thickness. This will be 
required to prevent the production of water in the wellbore due to water coning. The degree 
of water coning will depend on such parameters as productng length, air mass flow rates, 
permeability/saturation relationshtps, storage zone thickness, and water zone thtckness. 
Development of the model and the analysis of these. and other subsequently identified 
parameters will constitute the next step of this research effort. 
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THERMO-MECHANICAL PROPERTIES OF GALESVILLE SANDSTONE 
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Los Alamos, New Mexico 87545 

ABSTRACT 

Elastic· and strength properties of Gal2sville sandstone are temperature and pressure 
dependent over the range appropriate for an aquifer compressed air energy storage system. 
At 37°C, Young's modulus increases from 23 GPa at ambient pressure to 47 GPa at 31 MPa 
effective pressure while Poisson's ratio decreases from 0.30 to 0.22. At 120°C, Young's 
modulus increases from 28 GPa'at ambient pressure, to 60 GPa at 33 MPa effective pressure 
while Poisson's ratio decreases from 0.22 to 0.08. Under ambient conditions, tensile 
strength is 4 MPa. At 37°C, ultimate compressive strength increases from 70 MPa at am­
bient pressure to 200 MPa at 32 MPa effective pressure. At 120°C, strength increases from 
56 MPa at ambient pressure to 262 MPa at. 30 MPa effective pressure. Cyclic loads of 20 
MPa at 37°C and 10.4 MPa effective pressure indicate no effect on Young'·s modulus and 
ultimate strength up to 10,000 cycles; Poisson's ratio is reduced 28%. 

INTRODUCTION 

As part of the eva 1 uat ion of water- saturated aquifers for a compressed air energy 
storage (CAES) system, we have determined elastic and strength properties of a sandstone. 
The goa 1 of this work is to eva 1 uate the effects of. temperature, pressure, and eye 1 i c 
loading on thermo-mechanical properties to support modeling studies of an aquifer CAES 
system. 

The sample material is Cambrian Galesville sandstone from Warren County, Illinois 
obtained from Illinois Power Company cores. Reservoir analysis indicates that our samples 
range in permeability from 100 to 600 millidarcies and in porosity from 15 to 24%. The 
average grain size is approximately 0.1 millimeters. Composition is 98% quartz nonuni­
formly cemented by dolomite. 

EXPERIMENTAL TECHNIQUE 

Test samples are right circular cylinders 2.5 em diameter by 6.3 em long. Jacketed 
samples are tested in a triaxial •. externally heated pressure vessel using silicone oil as 
pressure transmitting med,ium. Axial load is applied at a constant dis·placement rate with 
a servo-controlled hydraulic testing machine. Sample strains are determineq with an in­
ternal system consisting of three axial and three radial LVDT displacement gages. Volume 
strain is calculated from the average axial and radial strains. 

Normal test procedure is as follows: the jacketed sample is first saturated by pump­
ing water through it at low pressure. Confining pressure is then applied followed by 
argon pore pressure and fi na 11 y the samp 1 e is heated. The gas pore pressure is app 1 i ed 
through a small separate reservoir. At temperatures above boiling, water vapor may pass 
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into this separate vessel from the sample and condense. In this way 
constant-humidity pore pressure is maintained during the test. This also 
some extent, press uri zat ion of an air bubb 1 e in a saturated reservoir. 
stress is then applied at a constant displacement rate. 

a relatively 
simulates, to 

Differentia 1 

Displacement versus load records are digitized and stress-strain values are calculated 
and plotted. Tangent Young's modulus is determined by linearizing small segments of the 
stress-strain curves in a running least squares scheme and plotted versus stress. 
Poisson's ratio is determined in a similar way. 

ELASTIC PROPERTIES 

The stress-strain curves shown in Fig. 1 are typical of the mechanical response of 
Galesville sandstone. Young's modulus derived from the axial stress-strain curve is shown 
in Fig. 2. Typically, the modulus increases from a low value and stabilizes when· about 25 
percent of the failure stress is attained. The initial low value is mainly due to com­
pliance of the sample-platten interface. The stable values are those reported below. As 
load increases towards failure Young's modulus continually decreases. Poisson's ratio 
derived from the test data of Fig. 1 is shown in Fig. 3. Again, values are unstable at 
low loads followed usu.ally by a broad, stable region and then Poisson's ratio increases 
rapidly as failure is approached. 

The variation of Young's modulus with temperature and·effective pressure (confining 
pressure minus pore pressure) is shown in Fig; 4. At a given temperature, modulus in­
creases by about a factor of two from ambient to 30 MPa effective pressure. This can 
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Fig. 1. Stress-strain curves for experiment #C-5; 
Galesville sandstone. i = strain rate, Pc = confining 
pressure, Pp = pore pressure. 
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Fig. 4. Young's modulus of Galesville sandstone as a 
function of temperature and effective pressure. ·, 

reasonably be explained as being due to crack and pore closure at pressure. Somewhat 
surprisingly, modulus also increases substantially with increasing temperature. A pos-
sible explanation is that porosity is reduced as a result of differential thermal expan­
sion but we have no evidence as yet that this is so. 

Variation of Poisson's ratio with pressure and temperature is shown in Fig. 5. 
Poisson's ratio is significantly reduced by both increasing pressure and temperature. 
This suggests that at the maximum temperature and pressure conditions of a CAES environ­
ment very low values of Poisson's ratio are 1 i.kely for this sandstone. 

STRENGTH PROPERTIES 

As shown in Fig. 1, failure of the samples is reflected in onset of nonlinear 
stress-str.ain behavior.. There is. sub~tantial. "plasticity" at the highest pressures and 
temperatures. Failure occurs by faulting on one or more inclined shear zones accompanied 
by considerable crushing and disaggregation. The effective principal stresses at the 
ultimate strength of each test is represented in Mohr circle plots in Figs. 6 and 7. At 
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38°C, results are well represented by a linear Mohr envelope with a cphesion of 18 MPa and 
coefficient of internal friction of 0.78. However, at 120°C the Mohr envelope is highly 
nonlinear. Increasing temperature reduces the uniaxial strength but apparently increases 
the triaxial str.ength. In view of the 1 imited amount of data, this result could be indi­
cative of sample variability. 

The tens.il e st r.ength at ambient conditions was determined to be 4 +0. 5 MPa. Th 1 s is 
an average of 15 .~ndirect measurements using the Brazilian test. 

CYCLIC LOADING 

The effects of cyclic loading have been evaluated at 37°C, 20.7 MPa confining pressure 
and 10.3 MPa pore pressure (Table 1). 

TABLE 1. Stress Cycles of 20 MPa: Effect on Young's modulus 
(~E) and Poisson's Ratio (~v) 

Cycles 

100 

1,000 

10,000 

~E% 

+9 

0 

~1 

~v% 

-6 

-12 

-28 

There is no consistent effect of a 20 MPa cyclic load on Young's modulus. The ob­
served variation is judged to be due to samp 1 e v ari abil ity. There appears to be a con­
sistent reduction of Poisson's ratio due to cyclic loading with up to a 28% reduction at 
10,000 cycles. No effect on ultimate strength was observed outside that judged to be due 
to sample variability. 
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STRUCTURAL RESPONSE OF A GENERIC POROUS SITE 

J. R. Friley 
Pacific Northwest Laboratory 
Richland, Washington 99352 

ABSTRACT 

Structural response of a hypothetical compressed air energy storage (CAES) porous rock 
site was investigated. Emphasis was placed on gross response of the porous rock site rather 
than detailed behavior in the wellbore vicinity. Structural loading conditions considered 
nonuniform thermal loading, pore pressure loading, in situ and overburden effects. Loading 
conditions corresponding to several stages of site development and operation were investigated. 

Both mean and cyclic structural response of the reservoir were investigated by utilizing 
thermal and pore pressure loadings corresponding to various times of a one year thermal/flow 
simulation. Attention was focused on several areas of site structural behavior. These included 
tensile stress levels in. the site caprock, fatigue stress levels in the cap and porous rock 
massess. and margin of safety values for the porous rock based upon a Mohr-Coulomb failure 
envelope for Galesville sandstone .. 

Results from these investigations i"ndicate that zones of significant structural response 
are concentrated in the wellbore vicinity. This is especially true of the caprock mass and is 
attributed largely to the assumption of casing insulation made in the thermal/flow si.mulation. 

INTRODUCTION 

Structural response of a porous compressed air energy storage site is not as yet fully 
known. Undoubtedly, these response characteristics will depend heavily on influences which are 
site dependent. These influences include elastic and tnelasttc properties of the rock thick­
nesses, geometries of the rock forms involved, and placement techniques used during well 
completion. 

In order to gain some insight into the structural behavior of such a si"te, computer based 
analyses of a hypothetical site have been performed. The purpose of this presentation is to 
describe these analyses and to indicate what response modes might be anticipated in an actual 
site based upon the~e results. 

Structural features of a porous CAES site wi"ll now be described with reference to Fig. 1·. 
Most likely, the porous reservoir to be used is initially saturated with water. If this is the 
case, then an initial drying period or "bubble development" will be necessary before cyclic 
operation of the site occurs. ft i"s anticipated that this i"nitial pressurization will be of 
moderate temperature and pressure levels and that no significant damage to the rock forms will 
occur. 

After some initial charging, the reservoir will be loaded in a cyclic fashion by the 
utility. Hot pressurized air will be produced and stored during periods of excess generating 
capacity. During periods of peak demand, atr will be drawn from the reservoir and utilized by 
some turbomachinery system for generation of additional power. It is anticipated that such a 
periodic operation will have both daily and weekly components. 
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Fig. 1. Cross Sectional View of a Generic Porous Site 

ANTICIPATED STRUCTURAL TRENDS 

During the initial period of site operation, 'the temperature of the various rock masses 
will be very nearly equal to the ambient temperature at the site depth. During operation 
heated areas will be concentrated in the central regions of the site adjacent to the wellbore. 
For rock types felt to be suitable for applications such as this, air pressure in the porous 
zone will be quite uniform and is thought not to be a significant contributor to site loading. 

Heated regions will be wider in the porous rock than in the cap rock since thermal energy 
is transferred by flow as well as conducti'on in this region. In addition, insulating grout 
material will likely be used in well completion to reduce thermal losses. As a result, typical 
isothermal contours will likely be as shown in Fig. 1. This heated region is likely to be 
small during initial periods of site operation and gradually increase in· expanse as site 
operation continues. 

In the porous zone, the heated central regions will expand against the cooler confining 
outer regions both axially and radially and give rise to· central compressive stress levels. 
Some tensile hoop stress components in the outer region can thus be anticipated as a result of 
this behavior. 

Vertical thermal expansion of this central core in the porous zone well bear against the 
cap rock. The effect this has on cap rock stress will depend to a large extent on the cap rock 
stiffness and perhaps more importantly, the stiffness of the overburden directly above the cap 
rock. For relatively weak overburden, this vertical -loading will tend to cause tensile stress· 
levels at the top surface of the cap rock ~ue to flexure. 

Since thermal effects are more pronounced in the porous zone than in the cap rock or base 
rock, some radial stretching of the cap and base rock regions can be anticipated due to radial 
expansion of the porous zone. This radial expansion will likely cause'tensile hoop stresses in 
the cap and base rock regions and compressive stresses in the cent~al poreus zone. 

In addition to stress contributions due to thermal and pore pressure loading, tn-situ 
stress levels initially existing at the stte depth wtll be a contributor to rocR stresses. 
While in-situ stresses vary with geographic locati'on, they are tn general compressive (verti­
cally and laterially) and tend to i'ncrease wtth si'te depth. Thus, tensi'le components caused by 
behavior modes described previously will ltt<ely be reduced parttally or totally by in situ 
stress effects. 
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ANALYSIS DESCRIPTION 

Structural investigations were performed for loading conditions incurred during the first 
year of simulated site operation. Thermal and pressure loading conditions used)in these 
analyses were taken from independently performed thermal/flow investigations.\1 Thus, no 
coupling effects between the structural and flow modeling were considered. While this assumed 
decoupling might lead to questionable results for liquid flow cases, the assumption seems 
reasonable in view of the compressibility ratio of air to porous rock. Further discussions of· 
flow in an elastic porous material may be found in references 2, 3, and 4. 

The analysis procedure used to model structural behavior made use of the poro-elastic 
formulation (Ref. 2). In this formulation, stress-strain equations and equ,ilibrium equations 
take the following form using indicial notation: 

oij 
p 

Ei j kl 

~kl ' 0ij 
e:kl 
e:o 
E 

B 

v 

T 

f 

1- 2v ( ) e: = -- 1 - B P + aT o E 

[ a. . - ( Pf) o. ·], . = 0 
1 J lJ J 

stress tensor 
pore pressure 
elasticity tensor 
Kronecker delta 
total strain 
in it i a 1 strain 
Young's modulus 
Bulk modulus rati"o of porous rock to interpore material 
(assumed to be .25 after Reference 2) · 
Poisson's Ratio 

temperature above stress/strain free temperature 
- rock porosity 

The structural analyses performed made use of the ~i91te element method. (5) The computer 
program used was a modified version of the ADINA code.(-,- J The axisymmetric model used with 
this program is shown in Fig. 2. All elements are quadratic isoparametric elements and two 
point Gaussian quadrature was used throughout. Initial calculations were performed with 
boundary conditions as illustrated in Pig. 2 and with material properties shown in Table 1. 

Since the purpose of this investigation was to model gross reservoir response, the 
structural effects of the well casing were neglected and the central region was considered to 
be solid. It was felt that while this assumption will cause some inaccuracy in localized 
regions close to the wellbore, the overall response of the reservoir will .only be slightly 
affected. 
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Tablel: Rock Properties 

Porous Cap Rod and 
Rock Base Rock 

(MPA) 3.0 X 104 3. 2 X 104 (Ref. 9) 

.25 .25 (Ref. 9) 

(•c1 J 10-5 10-5 (Ref. 9) 

.20 

In situ stress levels were simulated by using two methods. The first method utilized 
pressure loads {11.12 MPA) applied at the tqp surface of the cap rock. This produces a 
compressive lateral stress due to fixed constraints of the outer radius of the model. This 
method is likely to overestimate the amount of cap rock flexure due to vertical expansion of 
the porous zone. A second method used vertical restraints at the top surface of the cap rock 
in conjunction with superimposed in situ stresses equivalent to those resulting from using the 
first method. 

Horizontal stress for this condition is equivalent to about a third of the vertical 
stress. Most geological data indicates that while vertical stresses are closely approximated 
by overburden weight, lateral stresses are often times greater than one third of the vertical 
stress. Thus the in situ stress assumptions should be conservative with respect to tensile 
stress prediction. 

As previously mentioned, structural investigations were carrted out for load conditions 
occurring at various times during a one year thermal flow simulation. Daily charging tem­
peratures varied between 143°C and 204°C for this simulation period, and charging pressures 
varied between 4.48 MPA and 5.17 MPA. The reservoir temperatures occurring at the end of one 
week and one year are shown in Figs. 3 and 4, respectively. Here the growth of the thermally 
affected zones can be clearly seen. rt should be mentioned that an additional plot of tem­
peratures at week 26 of the simulation showed thermal distributions very similar to those of 
week 52. Thus, the rate of thermal growth seems to dimi"nish with stte operation. 

Tensile stress results for the load conditions described are shown in Figs. 5 through 7. 
Figs. 5 and 6 showone week and one year results for the in situ conditions simulated by cap 
rock pressure loading. Fig. 7 shows the tensile stress field after one year assuming the top 
of the cap rock to be vertically restrained. Tensile stresses were observed only in the cap 
rock for all times and boundary conditions analyzed. 

Some hoop tensile stress exists in the cap rock after only one week of simulated operation. 
The relatively large zone affected in Pig. 6 shows the effects of cap rock flexure stress 
caused by a larger heated zone in the porous rock after a year of simulation time. The tensile 
stress level is reduced substantially as shown tn Fig. 7 by restraining the cap rock with 
vertical constraints along the top edge. 

The severity of stress levels in the porous zone was assessed by comparing the state of 
stress with failure levels of the Mohr-Coulomb envelope shown in Fig. 8. This Mohr-Coulomb was 
obtained by testing Galesville sandstone (100°F) using confining pressures and pore pressures 

161 



~ 

~100 
11 ao 

_.V6o 
1~40 

..& 

/ 

I 
I 

Fig. 3. 

• 

60.96 m 
200ft 

Temperature Contours (°C) at the End 
of One Week 

/J-¥.5 MPA 

I 

Fig. 5. 

.~1¥ : (··, 

60.96 m 
(200ft) 

Tensile Stress at the End of 
One Week 

I 

I 

1--------60.96 m ______ _ 
(200ft) 

Fig. 4. Temperature Contours (°C) at the End 
of One Year 

~V ..-<: 1 -4.0 MPA 

l~ 2.0MPA 
6.0 MPA .5 MPA 

I 

Fig. 6. 

/ 

60.96 m 
(200 tt) 

Tensile Stress at the End of 
One Year 

'162 

I 



1.0 MPA 

.5 MPA 

1---------60.96 m _______ _ 
(200ft) 

Fig. 7. Tensile Stress at the End of One 
Year (Cap Rock Restrained) 

MAX 
SHEAR 

Fig. 8. 

CTm-P 

R 
SF=­

r 

Mohr Coulomb Failure Envelope for 
Galesville Sandstone (Ref. 8) 

similar to those of the model. (8) Safety factors were defined the radius ratio of two circles. 
The denominator being the radiu~ of Mohr's circle (three dimensional) for the point in question 
and the numerator being the radius of the concentric circle which is tangent to the Mohr­
Coulomb envelope. This is illustrated in Fig. 8. Contour plots of Mohr Coulomb safety factors 
are shown in Figs. 9 and 10 for weeks one·and .52, respectively. These safety factor values 
corresponded to the model of Fig. 2 with axial loading to simulate the overburden. The 
corresponding values for the case of vertical constraints were very similar, however. As can 
be seen from these figures, failure based upon this criteria will not occur. 

Unlike most geologic structures, loadi~g of a porous CAES site will be cyclic in nature 
and fatigue damage is a potential failure area to be addressed. In order to gain some insight 
into fatigue severity, the model shown in Fig. 2 was analyzed by applying differential thermal 
loading experienced during a 24 hour cycle. This differential loading was obtained ·and 
corresponding analyses were performed for several times during the one year simulation so that 
fatigue stress trends as a function of time could be studied. Resulting shear stress values 
for the middle of the cap and porous regions are shown jn Pigs. 11 and 12, respectively. 

These figures suggest that fatigue stresses of any significant magnitude in the cap rock 
are very concentrated in the well bore vicinity. Due to the assumption of neglecting the 
casing, however, the magnitude shown in Fig. 11 is only of qualitative value. Fatigue stress 
levels are somewhat greater in the porous rock than in the cap rock. As could have perhaps 
been anticipated, the central region is the most severely stressed. Due to the assumption 
mentioned above, these stress levels too should be considered only qualitatively. 

CONCLUSIONS 

Structural response trends are described with considerations given to the assumptions 
made in carrying out the analyses. In this context, stress levels in the cap rock and 
porous rock zones in the well bore vicinity should not be considered quantitatively accurate. 
These stress levels will be influenced by: 

• The size and wall thickness of the casing 

• The locations along the casing which are grouted into place 
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• The degree of fracturing produced during the well drilling 

• The termination level of the casing in the porous zone. 

Plans are underway to address some of these localized features in FY-80. 

Certain general response trends described in this paper, however, are thought to be 
somewhat general and independent_of well completion details. These response trends are: 

• Significant tensile stresses if existing at all will likely occur within the cap rock 
away from the porous media interface. 

• Fatigue stress levels are markedly higher in the near wellbore porous zone rather than in 
the cap rock. 
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LABORATORY STUDIES OF SALT RESPONSE 
TO CAES CONDITIONS . 

R. L. Thoms 
Louisiana Sfate University 

Institute for Environmental Studies 
LSU, Baton Rouge, LA 70803 

ABSTRACT 

A testing program is described for establishing a data base on rock salt response and·for 
formulating long~term stability criteria for cyclic loadings typical of operational compressed 
air energy storage (CAES) caverns. The program is divided in two generalized laboratory phases, 
i.e., (1) cyclic temperature and triaxial stress tests at LSU, and (2) in~situ cyclic tempera-. 
ture and pressure tests in boreholes in salt mines. Accomplishments to date and work still to 
be done are re~orted and summarized. 

INTRODUCTION 

Currently there is no significant data in the literature on the response of rock salt to 
cyclic loading conditions which simulate the environment around a. compressed· air energy storage 
(CAES) cavern. A relevant data base is prerequisite for rational design and operation of CAES 
cavern systems. The foregoing report summarizes accomplishments to date and work still to be 
done on establishing a data base from generalized laboratory tests appropriate to CAES applica­
tions. When adequate, the data base will be used to formulate long-term stability criteria for 
CAES cavern systems in salt formations. 

OBJECTIVES AND SIGNIFICANCE OF STUDY 

The objectives of the current study include: (1) performing laboratory tests, in a gener­
alized sense, on rock salt under CAES cavern loading conditions; and (2) subsequently estab­
lishing a data base and formulating long-term stability criteria for CAES caverns 'in salt for­
mations. 

Considerable interest has been shown recently in geostorage in salt formations. Without 
going into detail, most frequently considered storage applications in salt, e.g., oil or gas, 
involve cavern pressure loadings of only a relatively small number of cycles. Further, stor­
age of liquids generally involves only small rates of pressure change in storage caverns; and 
storage of solid wastes obviously would not ordinarily involve loading rate effects. Thus, 
little work has been done or reported on cyclic loading or loading rate effects for salt. How­
ever, at least one case has been(r~ported where rapid depressurization of a test cavern in salt 
caused associated roof collapse. lJ Also, from considerable work on other polycrystalline 
materials, i.e., structural metals, it can be anticipated that cyclic loadings could cause pos­
sible undesirable "fatigue" effects in rock salt caverns. 

Rational engineering design·implicitly requires realistic and relevant data on material 
behavior. Thus a specialized test program has been initiated to obtain data suitable for design 
of CAES caverns. The data will be reported in a format which should be generally useful for 
phnning and operating CAES cavern systems. Long-term stability criteria for CAES caverns also 
will be presented as a logical extension of the data analysis. It should be noted that site 
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specific tests generally will still be required to furnish input for the long-term stability 
criteria which will be formulated through this study. However, the present study will provide 
a basis for testing and data analysis relative to CAES in salt formations in general. 

SCOPE OF TEST PROGRAt1 

As noted previously, the study includes two major testing phases: a series of tests at 
LSU on salt specimens from a number of locations; and in addition, a series of in~situ tests on 
boreholes in south Louisiana salt mines. Both of these series of tests are included in the 
scope of "generalized" laboratory testing for this study. Further, limited numerical modeling 
is incorporated in planning of tests and for data correlation and analysis. 

The series of tests at LSU will be carried out principally with six triaxial test machines 
capable of exerting coupled cyclic temperature fields and axial and confining stresses on cylin­
drical salt specimens. "Standard" salt test specimens have diameters and lengths of 10 em 
(4 in.) and 20 em (8 in.) respectively. Confining stresses (pressure) up to 34,500 kPa (5004 
psi) and axial stresses up to 77,625 kPa (11,259 psi) can be applied. This is adequate to sim­
ulate most stress environments for salt caverns at depths ranging from 610 m (2001 ft) to 
1524 m (5000 ft). This range extends over the most likely depths for construction of CAES 
caverns. 

For the second testing phase, in-situ cyclic pressure and temperature tests will be per­
formed in boreholes in the floor and possibly beneath pillars in salt mines. Tests performed 
in boreholes beneath pillars would include effects of.relativ~ly large confining pressures in 
the essentially undisturbed surrounding salt. Possible deterioration of the surrounding rock 
salt fabric versus numbers of loading cycles will be monitored. 

Effects to be monitored in both the triaxial and borehole tests include related displace~ 
ments (strains), loading environments, and microseisms versus time or numbers of load cycles.(2} 
In addition, possible deterioration of the surrounding rock salt fabric will be noted. 

The geological setting of the salt specimens tested also will be described. For example, 
possible effects of gas entrapped in the salt will be noted. Gas entrapped in salt can cause 
blowouts (gas outbursts) such as the one that occurred recently at the Belle Isle salt mine in 
south Louisiana. Blowouts should be a significant concern in site· selection for CAES cayerns, 
and thus are included as factors in long-term stability criteria for storage in salt. (3) 

A large number of index tests are planned for correlation of data from more time consuming 
triaxial tests. Uniaxial tests and the "split cylinder" or "Brazil" tests will be used for 
this purpo~e. The split cylinder test employs the failure load of diametrically loaded short, 
e.g., 2.5 em (1 in.), cylinders. 

Applied test loads will be selected on the basis of preliminary numerical modeling so as 
to span loading environments anticipated for CAES caverns. Basic test parameters will incor­
porate sufficient detail to uniquely define typical loading cycles for particular tests. For 
example, Fig. 1. is a schematic of a typical loading cycle for a triaxial extension cycle creep 
test performed in the laboratory. 

Anticipated results from the testing program will include "failure surfaces" associated 
with stress environments and numbers of load cycles. Long-term stability criteria will be 
deduced for CAES caverns based on the test program results. 

The 
scope of 
section. 
study. 

WORK PLAN 

preceeding text has included some detail on the overall objectives, significance, and 
the study. Therefore, only major topics in the general work plan are listed in this 
The topics essentially follow in order the time sequence of the major steps in the 
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Fig. 1. Typical Cyclic Triaxial Extension Test Loading 

1. Obtain salt cores for testing from south Louisiana salt'mines and other opportune sites 
· significant for CAES. · · 

2. Test cores·in·LSO la·boratory under simulated CAES loading environments. 
·3. Test boreholes for in-situ behavior in salt mines. 
4. Correlate laboratory and in-situ test data. 
5. Report data and present stability criteria. 

A more detailed project plan has been prepared for this study which incorporates the above 
major steps. 

i 

ACCOMPLISHMENTS TO DATE 

Major Accomplishments to date include the following items. 

1. 

2. 

3. 

4. 

5. 

Salt core acquisition from: south Louisiana salt mines (Jefferson and Avery Is'lands), 
north Louisiana coreholes (verbal approval - Vacherie and Rayburn 1s domes}, West 
Germany (Huntorf dome, gas storage wells, with operational CAES plant in same dome). 
Laboratory at LSU for cyclic CAES loadings, with six test units, is approximately 75% 
complete. 
Boreholes and enclosing shed have been completed for testing in the floor of the 
Jefferson Island salt mine. 
Plans have been completed for performing· tests in boreholes slant-drilled beneath mine 
pillars. Implementation of this effort has been delayed because of recent "gassy-mine'' 
classification of Jefferson Island salt mine. 
Preliminary testinq has been performed on.·Averv Island salt. There are some indica­
~ions· that cyclic loading causes more severe effects than static loadin~. Fi~ure 2 
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depicts results for a uniaxial creep test on Avery Island salt. It corresponds very 
closely to test results obtained by other wor~ers for salt from the Tatum dome in 
south Missippi.(4) 
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Fig. 2. Uniaxial Creep Test for Avery Island Salt, 1750 psi (12064 kPa) 

. ~JORK TO BE DONE 

60 70 

Work remaining to be 9one under this study includes the following )terns at the time of 
this review. 

1. The laboratory at LSU, now approximately 75% finished, will be completed. Late equip­
ment delivery has delayed completion of the laboratory. 

2. Loading and monitoring system for boreholes in the floor of the Jefferson Island mine 
will be installed arid tests initiated. Tests in slant holes beneath pillars have been 
delayed because of a recent gassy mine classification; however, this test may be moved 
to another mine or carried out at a later date. 

3. Test data from a variety of salts, including the Huntorf salt, will be analyzed. The 
Huntorf salt should furnish highly significant data because the first.operational 
CAES plant is located in that dome. 

4. Results will be reported along with long-term stability criteria based on test data. 

SUMMARY 

Work is well along on providing generalized laboratory test facilities for simulating 
effects of CAES caverns in rock salt. A .unique feature of the facility is the parallel devel­
opment of in-situ testing in salt mines. Testing of salt specimens has been initiated at LSU, 
and testing in a south Louisiana mine is close to initiation. Tests will become increasingly 
sophisticated and specific as equipment now on order is received and assembled into testing 
units. 
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COMPLEMENTARY AND POTENTIAL CAES FIELD STUDIES 

T. J. Doherty 
Pacific Northwest Laboratory 
Richland, Washington 99352 

ABSTRACT 

Field studies at PNL form an integral part of the transition from concept examination and 
applied research to development and demonstration of CAES technology. Small scale directed 
studies for three media types are presently in a conceptual phase. Porous media work is. 
directed towards determining in situ permeability changes and wellbore desaturation. A shallow 
aquifer high temperature injection test 1s in planning. The key concern 1n salt is the effect 
of air penetration and temperature at high strain, low confining stress conditions. Bench 
scale or small in-situ cavern experiments are being examined for feasibility and cost. An 
in situ study of hard rock reservoir parameters is awaiting detai'led prioritization of key areas 
of concern. 

INTRODUCTION 

Studies of reservoir stability seek to establish 9esign and stability criteria that will 
allow efficient utilization of geologic structures for compressed air energy storage over useful 
facility lifetimes. Four types of studies will contribute to the identification of final 
design and stability criteria. 

The first phase of the reservoir stability studies was a state-of-the-art-survey (Fig. 1) 
of existing knowledge in the field of geologic storage, with supplemental knowledge from related 
technologies. This baseline information was condensed into preliminary design and stability 
criteria and was evaluated to direct later studies in the areas of insufficient knowledge.· 
These criteria will be confirmed, modified, or updated as results of later studies become 
available. 

STATE OF THE ART STUDY 

Fig. 1. Reservoir Stability Structure 
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The next two phases are experimental studies and ·numerical studies of the response of the 
geologic storage media to CAES operational loadings. Experimental and numerical studies are 
being carried out concurrently, and are phased in such a way that numerical work can support 
and guide the experimental studies and results from tests of material response can be 
incorporated into numerical modeling. Both of these phases are making contributions to the 
design and stability criteria as the results of their studies confirm or deny the initial 
postulates. Also, as a direct result of numerical and experimental studies, new ground is 
being covered in the field of geological engineering which allows a prioritization of the key 
areas of concern for each type of geologic structure under CAES operational conditions. These 
studies are well underway for porous media aquifer storage and for domal salt storage schemes, 
and are in the preliminary stages for hard rock materials. Results from these·studies have 
indicated that many of the postulated failure mechanisms will not present problems. A few 
critical items have indicated potential for problems. These are being carefully examined. 

The fourth phase of the criteria generation and confirmation process is the area of field 
studies. Field studies form an integral part of the transition from concept examination and 
feasibility determination to actual development and demonstration of CAES technology. The 
products of this series of studies, from numerical through experimental to field studies, are 
design and stability criteria for long life utilization of geological reservoirs for CAES 
applications. 

The field studies project is within the PNL Reservoir Stability Study, which concentrates 
on determining geological constraints to CAES operation. Also, ongoing, is a joint development 
program with DOE-STOR and EPRI that is to demonstrate conventional CAES plants in the U.S. in 
different geologic media. This program is performing preliminary system design and is in the 
process of site selection and exploration. Total system development is the purpose of this 
demonstration program. 

The CAES field studies task has two responsibilities that are necessary to the validation 
and acceptance of the design and stability criteria being formulated with Reservoir Stability. 
Studies: 

1. Extension of CAES numerical and experimental results and conclusions to in situ conditions. 

2. Support of baseline studies dealing with exploration and monitoring of the geological 
reservoirs currently ongoing in the development program. 

Two methods have been chosen to address these responsibilities in a timely and cost­
effective manner. The first method entails performance of directed small scale field studies 
of parameters that have been identified as critical to CAES reservoir operation. A full scale 
operational test facility for conventional and advanced CAES reservoir testing_would require 
long time periods for siting and construction, and would not fit within the budget, scope or 
time frame of the technology program as presently outlined. Data from such a facility would 
also not be available in sufficient time to be useful to the design process in the parallel 
development program. Knowledge of res~rvoir response has increased greatly ·since initiation 
of the reservoir studies and it is felt that the critical parameters affecting the integrity 
of CAES storage reservoirs have been identified. Directed small scale studies to examine 
these critical items in situ, can be performed in relatively short time periods and within a 
reasonable budget. · 

The second method involves establishing a working relationship with the development 
program in that are~of their project that is concerned with exploration and monitering of 
their reservoir. The data needs and operational conditions of the development program 
do not coincide exactly with that of the technology program. Operational conditi'ons planned 
for the demonstration reservoirs do not cover the range ef temperatures, pressures, and other 
conditions that should be covered in erder to determine constraints on CAES reservoirs. 
Nevertheless, the data resulting from the development program will provide full scale baseline 
information to the small scale field studies . 
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DIRECTED SMALL SCALE FIELD STUDIES 

Small scale tests are planned for design and construction that will examine the key 
parameters of CAES reservoir behavior. Numerical and experimental tools developed as part of 
the program will be utilized to aid test design and will themselves be verified. This 
will be done by utilizing these tools to predict performance of the tests to determine the 
level of accuracy or utility they have with respect to in situ conditions. Pre and post test 
coring and/or material examination will be performed to quantitatively evaluate correlation 
between lab and field testing conditions. 

Upon completion of a testing sequence, comparisons between prediction and performance 
will be made, and correlation noted. From these, conclusions about the validity of the design 
and stability criteria or recommendations and modifications can be made. 

The three media for CAES reservoirs being examined by Reservoir Stability Studies are 
porous formations, domal salt, and hard rock. This discussion addresses field study concepts 
being developed for porous media and domal salt. 

POROUS MEDIA STORAGE RESERVOIR 

The concept under development for porous media is based on utilizing near surface 
Lower Paleozoic sandstones. These formations, particularly the Galesville, have been studied 
by CAES researchers and are-fairly well characterized. The specific formations should be 
within 100 meters of the surface, primarily so that drilling and casing costs (Fig. 2) will be 
reasonable. Formation closure and caprock seal integrity will be considerattons but may not 
be primary ones. The present thinking is to develop a reasonably small bubble at moderate 
pressure over a period of a few months by cool air injection. Once a bubble has been developed 
sufficiently to clear water from a two well doublet, hot air injection would be initiated in one 
well and air withdrawal in the other,. maintaining some overpressure to insure crossflow. This 
process would be reversed after some cycle time, and the heated region about the now reversed 
injection well would be cycled by the opposite cool air flow. Once established, this procedure 
will result in a crossflow that will deposit heat at the injection well and pick up heat at 
the withdrawal well. This should closely simulate flow, temperature, and drying conditions in 
a porous medium near the wellbore region under warm air cycling during the early period of 
CAES operation. 

Confined moist air flow tests on down hole cores are planned for FY-1980. Laboratory 
versus in situ permeability from aquifer study and gas storage experience have been found 
to be somewhat different, often markedly so. An in-situ test under CAES conditions will 
indicate if permeability trends remain consistent with lab r(e~ults. Numerical studies indicate 
that near wellbore stresses due to the temperature gradient lJ are much higher than in-situ 
stresses and that the heated area near the wellbore is we11 within the desaturated area(2). 
These trends can be confirmed in-si:tu by establishing a flow thermal gradient in an aqui'fer. 

Well instrumentation and a small hole array in the bubble region, as indicated by Fig. 3, 
will allow monitoring of pressure, temperature and saturation in the formation. Well head 
temperature, pressure and flow monitoring will be the key measurements for monitoring permeability 
changes. Other tools to aid permeability change and desaturation rates that are available for 
data gathering before and during testing are listed below: 

• Thermistor - An electrical resistor using a semiconductor whose resistance varies in a 
known manner with temperature. ~ 

• Thermocouple psychrometer - Measures the dewpoint at high relative humidities and gives 
temperature and saturation data. 

• Heat dissipation units - Short time temperature drop is measured after a heat source 
pulse. Thermal diffusivity correlates with degree of saturation. 
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Fig. 2. Porous Media Field Test Schematic Fig. 3. Test Site Layout 

• Piezometer - Hollow tubes at various depths to indicate hydrostatic pressures and allow 
for sampling. 

• Tracer test - A fluorinated hydrocarbon gas is mixed with the· injection air in known 
concentration. Water and air samples are taken from piezometer wells periodically to be 
analyzed by a gas chromatograph. Tracer concentra~ions indicate air movement patterns. 

• Electric logs - Used in the wells before casing so that the surrounding formation may be 
defined. 

• Single point resistivity - This log will establish the boundary between strata of differing 
resistivity and aid in lithologic correlation. 

·• Spontaneous potential log - This log records natural potentials which enhance data from 
the resistivity log for lithology and bed thickness evaluation. 

• Radiation logs - These logs are used in open wells to monitor saturation and porosity in 
the areas of interest during testing. 

• Neutron-Gamma log - This is a porosity log used for baseline data. 

• Neutron-Epithermal Neutron log - This log measures water content, indicating porosity 
below a water surface and formation moisture above. 

• Cement bond log - This log detects gaps in the cement between casing strings. 

• Galvanic instrumentation - Detection of casing deterioration during testing. 

As stated previously, this plan is in a conceptual phase, but some progress has been 
made. The key test parameters have been identified and a work plan to complete the conceptual 
design by December has been formulated and implemented. Technical management will be handled 
at PNL along with some instrumentation related functions and test operation, but the major 
site selection exploration, drilling and construction will be placed with consultants and 
subcontractors familiar with the geology and working environments. 

SALT TEST CONCEPT 

Numerical and experimental studies to date have indicated that stable performance can be 
expected under CAES operation, but both modeling and experiment indtcate that the key item 
ensuring good performance is the surface quality of the wall cavity. In this area, the 
numerical models predict high strain, which affects salt permeability. Experimental results 
indicate an onset of opacity affecting the salt quality under high strain cyclic loading. A 
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change in permeability, such as increase in secondary permeability, also results in some air 
pfnetration into the rock structure, which reduces the confinement (Fig. 4). This could 
further lower the salt performance in·the near well region. Salt is very sensitive in its 
strength and flow parameters to changes in temperature. Minor temperature changes from 
compression/extraction or moderate injection temperatures would also affect the near surface 
region. These phenomena are under investigation in ongoing numerical and experimental work, 
but these studies, due to limited sample size, may not be able to address sufficient scale to 
indicate the true field performance of a domal salt. 

The pertinent operating parameters for such a study would require a well confined salt 
body, a solutioned cavity surface, and cyclic air pressure and temperature within the cavity. 
Examination methods could include wall coring or visual methods. Closure displacement measure­
ments would also be important. 

The requirement for a confined salt body has led investigators to address two concepts. 
Both are fairly flexible at this stage as the key issue to be re~olved is whether mine owner/ 
operators will allow development of the test concepts within their facilities. 

The first concept is extension of the Lsu(3) in-mine borehole tests to a small solution 
cavity (Fig. 5). This concept would be convenient for instrumentation and advanced boring. 
Coring from adjacent openings could be utilized to obtain post test cores. It is possible the 
cavity could be located so that it can be mined directly from a lower level allowing direct 
access. Some contacts have been made on general feasibility with mine operators but no 
indication of commitment has been received as most of the operators are presently dealing with 
the new gassy mine classification problems. 

The other concept would be to utilize the early startup phase of a standard solution mine. 
The small cavity (Fig. 6) could be cycled at an accelerated time rate. Some available optical 
instruments have been identified for visual and dimensional examination of the cavern and the 
possibility of post-test side coring the smaller cavern is under investigation. One disadvantage 
of the concept is that the test area becomes the property of the mine operator after his 
mining commences. 

Progress on getting approval of this general concept has been good. Preliminary discussions 
with mine management on details and schedules are in progress and it is hoped that test 
development can be initiated in FY-1980 .. A conceptual design report, with a mine operator 
approved site, is planned for inclusion in the December 1979 salt field studies plan. 
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Fig. 4. Mechanism for Reducing Effective Confinement 
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Fig. 5. Salt Concept In-Mine 
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Fig. 6. Salt Concept in Solution Mine 

DEVELOPMENT PROGRAM RELATIONSHIP 

The DOE-EPRI CAES development programs, presently being performed bY utilities, have as 
their purpose total system demonstrations. Public Service Indiana (PSI) has responsibility 
for the porous media CAES concept. Middle South Services (MSS) is carrying out its study on 
CAES application to domal salt structure. Both of these programs are at the stage of site 
selection and are formulating site exploration plans. The reservoir stability studies can 
support the utility studies and benefit from these studies by: 

1. Facilitating interchange of data and providing special test data on demonstration site 
exploration cor~.?· 

2. Providing technical support with numerical and experimental tools. 

3. Proposing instrumentation supplements at demonstration sites to extend the exploration 
and monitoring data base beyond minimum needs. 

vie have initiated liason with both PSI and MSS and have requested information on their 
exploration phases. The level of involvement in the development program will be determined 
once we have the opportunity to examine the exploration and site selection decisions of the 
utilities and they respond and comment on our proposals. Firm arrangement for mutually 
beneficial cooperation could be included in the December 1979 field studies plan documents. 

CONCLUSION 

Directed small scale field studies for salt and porous media are being identified to 
confirm design and stability criteria developed in the Reservoir Stability Study. In addition 
utility direction is .being sought in order to create a field study demonstration program 
relationship that will be mutually beneficial. 
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ADVANCED CONCEPTS STUDIES 

R.T. Allemann and M.K. Drost 
Pacific Northwest Laboratory 

PO Box 999 
Richland, Washington 99352 

ABSTRACT 

The objectives of this program are to reduce or eliminate the dependence of CAES systems 
on petroleum fuels. The approach has been to evaluate improved cycles, equipment capabilities, 
coal firing methods, and thermal energy storage as applied to CAES. The evaluations have 
included both technical and eco·nomic studies. Preliminary results show technical promise for 
CAES systems integrated with coal fired fluid bed combustion, with thermal energy storage, and 
coal burning steam plants. The latter system uses advanced indirect thermal energy storage 
that shows economic benefits over direct thermal energy storage. A review of coal gasification 
shows potential benefits when coupled with a CAES peaking plant. · 

INTRODUCTION 

Compressed air energy storage is a feasible technology that has been demonstrated. Many 
studies in the U.S. have determined its probable economics and electric power costs. The . 
potential difficulty arises from the use of petroleum fuel in the compressed air energy storage 
cycle. Such fuels are becoming more expensive and indeed may be unavailable for electrical 
power generation. The advanced concepts CAES program is directed toward reduction and 
elimination of the need for petroleum fuels in the CAES cycle. The term "advanced" in this 
context is used in that sense, not in the sense of more sophisticated equipment. This paper is 
a review of the 1979 Advanced Concepts Studtes being carried out as part of the Compressed Air 
Energy Storage program by DOE . 

CONCEPTS CONSIDERED 

This year the advanc~d CAES studies have been directed toward technical and economic 
evaluation of reduced or no-oil/CAES concepts. These include the following: 

• CAES/Thermal Energy Storage Technical and Economic Studies 

• CAES/Coal Gasification Technical Studies 

• CAES/Fluidized B'ed Combustion Technical and Economic Studies 

• CAES Cycle Evaluations Technical. 

Specific tasks during 1979 include the following elements, some of which have been or will 
be submitted as reports: 

• Incremental Cost Analysis of Advanced Concept CAES Systems by C.A. Knutsen (Knutsen 
,,.Research) 

• Economics of TES for CAES by S.C. Schulte (PNL) 

• Coal Fired Fluid Bed CAES by A.J. Giramonti (UTRC) 
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• CA~S/Solar and CAES/TES Studies by G. T. Flynn (MIT) 

• Review of Compressor and Turbine Limitations b} 'H~· Bomel burg (PNL) 

• Direct Coupled Steam on CAES Cycles by M.K. Drost (PNL) 

• Review of Coal Gasification with CAES by G.L. DeHaan and R.T. Allemann (PNl), and 

• New Concepts Studies by R.T. Allemann (PNL) 

The first of these tasks was reported in a paper presented at a recent IECE Conference in 
Boston. The next two tasks will be presented at this conference. In this paper, I shall 
briefly summarize some of the other tasks and outline the direction of the Advanced Cqncepts 
Studies. 

RESULTS OF REVIEW OF COAL GASIFICATION/CAE$ 
- I 

The use of low BTU gasified coal is a potential means for eliminating the need for 
.petroleum fuels by a CAES plant. I-t has the potential advantage over temperature limited 
thermal energy storage/CAES and FBC/CAES·of being able to supply high temperature air to . 
present and future turbines. Several technical feasible cycles were analysed for near term 
use. Comparisons were made with longer term coal gasification concepts as .described by A.J. 
Giramonti in the 1978 Energy Storage Symposium and with magnetohydrodynamic long term concepts 
(also coupled with CAES). 

These results, partially shown in Table 1, indicate that coal gasification/CAES appears to 
be technically feasible in the near term and may have potential improvements in heat rate in 
the long term. Further development and economic evaluations appear to be needed. It should be 
noted that in view of the extensive·coal gasification research and development conducted by DOE 
and industry, and in view of the fact that only minor modifications would be required to 
integrate a coal gasification system i·nto CAES, this task has been primarily concerned with the 
analysis and evaluation of data to assist the DOE with decisions on which advanced CAES .· 
concepts to develop further. 

TWO RESERVOIR CLOSED CAES CYCLE 

A technical analysis was made of an advanced CAES cycle suggested by H. Bomelburg of PNL. 
It is a closed cycle in which the air is passed between two high pressure compensated storage 
caverns by the compressor and turbine. The schematic is shown tn Fig. 1. The formula at the 
bottom is the air path in the cycle. The air goes from low pressure store (ASl) through 

TABLE 1. CAES Performance Summary 

Base Mode. Generation Mode Compress ton Name 
Mode Round Trtp Equivalent of Output Heat Rate Output Heat Rate Output Heat Rate Storage System kW (HW) Btu/kN·hr kW (Mil) Btu/kW-hr kW (Mil) kW (Mil) Efffcfency 

lA. Base 3,980 10,550 9,020 4,745 -5,280 10,600 94.01 System for 
Comp~rfson 

18. Co9as/CAES 2,560 14,220 7,505 4,938. -2,595 13,246 9.5.01 w/Recuper-a tor 

H .. l.ogliS/l.AI:~ 4,272 11,638 9,207 5,833 - 881 12,190 89.U w/Waste Heat 
Steain Cycle 

2·. AFBC/CAES 1,400 19,650 6,395 4,440 -3,755 14,614 96.01 
3. PFBC/CAES 1,460 18,000 6,455 4,198 -3,695 13,994 96.0' 
4. MHO/CAES (961) 7,103 (1,395) 6,021 (•584) . 7,941 56.4t Option 1 

5. HHO/CAES (961) 7' 103 (1,392) 5,468 (•548) 7.575 77.61 Option 2 

•compression time is equal to qen~ration time for all cycles 
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compressor (C) to high pressure stora~e reservoir (AS2). During generation the air goes from 
AS2 through turbine (T}, trim cooler (q} t~ lower pressure storage reservoir (ASl ). The 
advantages of this cycle are a low temperature rise (Fig. 2) due to low pressure ratio of 
compression and expansion, and high storage efficiency of about 72-75% (Fig. 3). The dis­
advantage appears to be the relatively large storage volume required (Fig. 4). Table 2 shows a 
comparison with other systems. The two reservoir concept requires a volume that is nearly 
three times larger than the underground pumped hydro storage and thus would not appear to be 
competitive. Because of the very large storage volumes required, we have not proceeded with an 
economic evaluation. 

RESULTS OF REVIEW OF DfRECT COUPLED STEAM/CAES CYCLES 

As part of PNL's evaluation of advanced compressed air storage concepts, PNL has evaluated 
the performance of a direct coupled coal fired steam/CAES plant. The direct coupling of the 
two types of eye 1 es pro vi des benefits for each eye 1 e and improves the overa 11 perfon11ance of 
the facility. This concept was examined because it gives the potential f9r substantially 
reducing or eliminating the use of petroleum fuel and satisfy the peaking power requiltements of 
utilities. ' · . 

A schematic of the Direct Coupled Steam/CAES cycle is shown in Fig. 5. The steam cycle is 
typical of current steam power plant technology with'multiple stages of feedwater heating and 
reheat. There has been three modifications to the steam cycle; the steam turbine can be 
clutched to either the compressor train of the CAES cycle or to a generator, some feedwater 
heating is provided by the heat of compression from the compressor train of the CAES cycle and 
the hot reheat steam is used to charge a thermal storage unit. The hot reheat steam is 
partially desuperheated and returned to the steam plant intermediate pressure turbine. 

Fig. 1. Two Reservoir Cycle 
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TABLE 2. Two Rese.rvoir Cycle Results Comparison 
Two Reservoir 
Closed System Double Stage Underground 

CAES 1 TES/CAES Pum~ed H.x:dro 

Storage Efficiency % ~70 ~70 ~70 

Storage Depth (ft) 2000/6500 2000 6500 

SpeSific Stora~e Volume 18.3/8.2 4.45 g.4 
(ft /kW-hr out Tota 1 26.5 

Turbine, Compressor Pressure 3.25 65 
Ratios 

Technology Risk Low Moderate Moderate 

c 
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Fig. 5. Cycle Arrangement Close Coupled ·steam/CAES Cycle 
TES Heated with Hot Reheat Steam 

The cycle has been modified so that compressed air is heated during discharge by heat 
stored in the thermal storage unit. The CAES cycle can be either an adiabatic CAES/TES cycle 
or a hybrid cycle that uses both TES and fuel. 

The thermal storage is assumed to be a molten salt thermocline storage, where thermal 
energy is stored as sensible heat in a mixture of molten salt (HITEC or Draw salt) and rock. 
This type of thermal storage unit is being developed for solar thermal applications. 

During the charge cycle, the steam turbine is clutched to the CAES system compressor train 
to compress air for storage underground. The heat of compression, which is normally rejected, 
is used for feedwater heating in the steam cycle. Hot reheat steam 1s used to charge storage 
and is the expanded in the steam cycle intermediate and low pressure turbines. 

During discharge, the steam turbine is clutched to its generator and steam is extracted 
for feedwater heating to replace the heat of compression. Discharge air is heated from the 
thermal storage and expanded in the air turbine which is shafted to a generator. 

Using the steam heated TES arrangement, the maximum temperature of a·ir entering the air 
turbine is around 510°C. Cycle performance can be improved by adding a petroleum fuel 
combustor on the. discharge of the air heater to obtai"n a higher temperature before expansion in 
the air turbine. 

The Direct Coupled Steam/CAES concept has several advantages over a separate steam plant 
used to provide power to a CAES plant. Generator, motor and transmission line losses are 
eliminated for charging power. A substantial fraction of the heat of compression is recovered 
and petroleum fuel consumption is reduced or eliminated by providing air heating from the 
thermal storage. It should be noted that the steam generator does not cycle and that the steam 
cycle and CAES cycle are commercially available. 

The arrangement can operate in a no petroleum fuel mode but there is a substantial 
performance penalty because of the low temperature of the air entering the air turbine. In 
addition, using hot reheat steam for charging storage reduces the performance of the steam 
cycle. To avoid these problems, two alternate cycles were considered; .one in which the 
storage media is directly heated in the steam generator and one which uses a fluid bed 
combustor. 

• 
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- The Direct Heating arrangement is similar to the steam heated arrangement discussed above 
except that the molten salt is directly heated in the steam generator (see Pig. 6). This gives 
a slightly higher temperature in storage and improves the performance of the steam cycle 
~articularly in the no petroleum fuel case. This arrangement has the disadvantage of requiring 
i major redesign of the steam generator. 

An advanced arrangement has also been considered (see Fig. 7). In this concept an FBC is 
used as the steam generator for the steam cycle. In addition, the FBC is used to heat air 
which in turn is used to charge a pebble bed thermal storage unit. During discharge, air from 
storage is passed through the thermal storage and is heated. It is assumed that the air 
temperature on the discharge side of storage reaches 8l5°C. The air which is used to charge 
storage goes directly to the air turbine during discharge. This arrangement improves per­
formance of the Direct Coupled Steam/CAES cycle particularly for the no petroleum fuel case. 
The major disadvantage is that bo.th ~he FBC and the thermal storage require development. 

The performance of the various cycles was determined for a base case, a reduced petroleum 
fuel case, and a no-petroleum fuel case. The base case is a typical CAES facility with the HP 
turbine fired to 1000°F and the LP turbine fired to 1500°F. Several reduced petroleum fuel 
cases were considered and the one with the lowest heat rate was selected. This was a Direct 
Coupled Steam/CAES plant which used the steam heated TES arrangement and a hybrid Glendenning 
A-5 cycle for the CAES (Fig. 5). Several no petroleum fuel cases were considered and two.are 
presented. The first is a near term arrangement which used the direct heated TES arrangement 
and a conventional CAES cycle with both the LP and HP turbines heated (Fig. 6). The second is 
an advanced arrangement which uses an PBC for the steam generator and a hybrid Gendenning A-5 
cycle for the CAES (Fig. 7). 

The reduced petroleum fuel case resulted in a 60% reduction in petroleum fuel use from 
4400 Btu/kW-hr to 1600 Btu/kW-hr but with an 11% increase in overall heat rate. The no­
petroleum fuel cases eliminated the use of petroleum fuel and increase the overall heat rate by 
10% for the direct heated arrangement. The advanced arrangement both eliminated the use of 
petroleum fuel and decreased the overall heat rate (see Table 3): 

The results indicate that the direct coupled steam/CAES concept has promise. Further· 
studies will be needed to improve-performance calculations and to determine the economics of 
this concept. 
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TABLE 3. Summary of Results for Direct Coupled Steam/CAES Cycle 

Net Heat Rate Petroleum Heat Rate 
Concept Arrangement Btu/kW-hr BtuLkW-hr 

Base Separate 10,700 4,400 

Reduce Petroleum Fuel Steam Heated 11 ,200 1,900 

l 
No Petroleum Fuel Direct Heated 11,900 0 

No Petroleum Fuel Advanced 10,100 0 

DIRECTION OF ADVANCED CONCEPTS STUDIES 

The ~~rust of t~e adv~nced concepts/CAES work is to develop and evaluate existing 
information required to assist the DOE in deciding on which ~dvanced concept or concepts to 
pursue to the demonstration phase. The evaluation depends upon the results of technical and 
economic studies that have been done. rnputs for the evaluation have come and are expected to 
come from all areas of the industry. Work by the CAES participants such as EPRI, UTRC, CEGB, 
TVA PEPCO, Acres American, PSI and Middle South Services, will be especially important to a 
sound decision. Current planning calls for a recommendation by PNL to the DOE, on which 
advanced concepts should be considered for the demonstration phase, by the end of FY-1980. A 
decision by the DOE on the recommendation may be made in FY-1981. 
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THE ECONOMICS OF THERMAL ENERGY STORAGE FOR COMPRESSED 
AIR ENERGY STORAGE SYSTEMS . 

by 

S.C. Schulte 
Pacific Northwest Laboratory 
Richland, Washington 99352 

ABSTRACT 

The costs of compressed air energy storage (CAES) systems utilizing thermal energy storage 
are compared with the costs of conv,entional CAES systems and combustion gas turbine systems. 
Comparisons are made on the basis of system energy cost levelized over system operating lifetime 
(mills/kWh). The comparison was performed by Pacific Northwest Laboratory for the Department of 
Energy using information from reference studies by the Massachusetts Institute of Technology, 
Central Electricity Generating Board and Knutsen Research Services. 

System energy costs were estimated using information from three reference CAES/thermal 
energy storage studies, a recent PNL research effort, and the EPRI Technical Assessment Guide. 
Capital investment cost estimates and system operating requirements were obtained from the 
reference studies. Current turbine fuel and compression energy prices were obtained from a July 
1979 PNL research effort. Economic and financial input assumptions and a discounted cash flow­
required revenue computational methodology were taken from the Technical Assessment Guide. Use 
of such a "normalization" procedure results in system energy cost estimates that are both real­
istic and comparable. 

Two principal conclusions resulted from the study. First, given today's fuel prices and 
the expected fuel prices in the 1980's, conventional CAES systems yield lower energy cost esti­
mates than combustion gas turbine systems. Second, thermal energy storage/adiabatic CAES 
systems yield equivalent and, in some instances, ·slightly lower energy cost estimates than 
conventional CAES systems while requiring considerably less turbine fuel oil. 

INTRODUCTION 

The cost of energy from conventional compressed air energy storage (CAES) systems is highly 
·dependent upon the cost of the turbine fuel oil used in this system. Due to the uncertainty and 
rapid escalation of fuel oil prices, this dependence upon fuel oil decreases the economic attrac­
tiveness of conventional systems and increases the attractiveness of systems that require little 
or no fuel. 

The purpose of the study described in this paper was to assess the costs of one group of 
alternative near term CAES system concepts that require little or no turbine fuel. These alter­
native systems utilize thermal energy storage. In these systems, a thermal energy storage 
device is heated or charged using the heat of compression. Thermal energy is then stored for 
use during the system's power generation cycle. During power generation, compressed air is 
passed through the thermal energy storage device resulting in heating of the compressed air. 
The additional heat available from thermal energy storage replaces heat that in conventional 
systems would be generated by burning fuel oil. This substitution results in a decrease in 

-system fuel cost. If the decrease in fuel cost more than offsets increases in compression 
energy cost and thermal energy storage device cost, the net effect of utilizing thermal energy 
storage is to reduce system energy costs. Under these circumstances, CAES/thermal energy stor­
age systems are economically more attractive than conventional CAES· systems. 

The measure of system cost or economic performance used in the comparison is system energy 
cost levelized over the system's operating lifetime. The cost estimates are reported in 1979 
price levels in terms of mills/kWh. 

The study was performed by Pacific Northwest Laboratory for the Division of Energy Storage 
Systems, the Department of Energy. 
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APPROACH 

The approach taken to assess economic performance 'was to develop and compare alternative 
;ystem levelized energy cost estimates. Estimates were developed for CAES systems utilizing 
thermal energy storage, conventional CAES systems, and combustion gas turbine systems. Assess­
ments of economic performance were based on these energy cost estimates. 

The procedure used to develop energy cost estimates is shown in Figure 1. It is important 
to recognize that this paper is not reiterating the findings of the reference studies. The 
study reported in this paper uses the reference studies as sources of input information only. 
In most instances, this study's energy cost estimates are different from the reference study 
estimates. This results from the use of very current (July-August 1979) price information in 
this study and outdated price information {pre-1979) in the reference studies. 

SOURCE: 

INPUT: 

REFERENCE 
STUDIES 

I 
CAPITAL INVESTMENT COST ESTMATES 
SYSTEM OPERATING REQUIREMENTS 

PNL 

I 
JULY 1979 

FUEL AND COMPRESSION 
ENERGY PRICES 

SYSTEM LEVELIZED 
RESULT: ENERGY COST 

ESTIMATES 

EPRI 
TECHNICAL 

ASSESSMENT 
GUIDE 

I 
FINANCIAL AND ECONOMIC 

ASSUMPTIONS 

DISCOUNTED CASH FLOW­
REQUIRED REVENUE METHODOLOGY 

J 

FIGURE 1. Levelized Energy Cost Estimating Procedure 

The reference studies are as follows: 

• Advanced Compressed Air Energy, Central Electricity Generating Board, March 1979. (Pre-
liminary Draft.)(2) . 

• Incremental Cost Anal sis of Advanced 
Knutsen Research Services, July 1979. 

• A- lication and Desi n Studies of Com ressed Air Ener 
assachusetts Institute of Technology, February 1979. 

Solar A lications, 
Report. 

The type of consolidation/update study described in this paper is useful in two respects. 
First, such a study reports the results of different studies collective·ly. Credibility is 
enhanced when independently generated studies arrive at similar conclusions. Second, this type 
of study provides for the updating of previously generated studies whose conclusions are invalid 
because. they were based on now outdated input. Often, different yet valid conclusions can be 
drawn from older studies that are reworked with current input. Both these reasons indicate the 
usefulness of a consolidation/update study to the compressed air energy storage development 
program. 

SYSTEM DESCRIPTIONS 

Four generic near term peaking system concepts were examined in this study. Two compressed 
air energy storage (CAES) systems utilizing thermal energy storage, one conventional fired CAES 
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system, and one combustion gas turbine system. The conventional CAES system and combustion gas 
turbine system were included in the analysis for comparative purposes. The four generic system 
concepts are as follows: 

• CAES/One Stage TES/Hybrid 
• CAES/Two Stage TES/Adiabatic 
G Conventional CAES 
• Combustion Gas Turbine 

Simplified system diagrams are shown in Figure 2 for the conventional CAES system concept, in 
Figure 3 for the one stage thermal energy storage/hybrid system concept, and in Figure 4 for the 
two stage thermal energy storage/adiabatic system concept~ The one stage thermal energy stor­
age/h}.'br:id system u.tiJizes thermal energy storage anQ. is fir:eo (i.e., requires fuel oil to 
operat~Y. The two itage thermal ~nergy storage/adiabatic system operates adiabatically (i.e., 
is not fired). The conventional CAES system does not use thermal energy storage and is fired. 
The reference conventional CAES system is assumed to be of second generation design. 

FIGURE 2. Conventional CAES FIGURE 3. CAES/One Stage TES/Hybrid 

FIGURE 4. CAES/Two Stage TES/Adiabatic 

System designs, operating requirements, and capital investment cost estimates were taken 
from the reference studies .. This information was used as input to the calculation of levelized 
energy cost. This information is shown in Table 1. 
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TABLE 1. System Descriptions 

Capita 1 
Reference Fuel Coefficient of Investment. 

PNL System Reference Study System Heat Rate Performance Cost 
Designation Stud.)! Designation (Btu/kWh} (kWh Out/kWh In) (1979 $/kW) 

CAES/One Stage TES/Hybrid CEGB( 2) A5-Hybrid 2,646 . 95. 304 . 
CAES/One Stage TES/Hybrid Knutsen( 3) TES-1 4,074 1.31 344. 
CAES/One Stage TES/Hybrid Knutsen( 3) TES-4 3,545 l. 13 355. 
CAES/Two Stage TES/Adiabatic Knutsen( 3) TES-3 . 65 580 . 
CAES/Two Stage TES/Adiabatic MIT(l) Systems A-H . 70 334 . 
Conventional CAES CE~B( 2 ) · 2"nd Generation 4,085 1.20 "266·; 

Brown Boveri 
Conventional CAES Knutsen( 3) Reference 4,416 1.45 292. 

·Combustion Gas Turbine Knutsen( 3) GT 14,000 185. 

ECONOMIC ANALYSIS 

The computational methodology utilized to estimate levelized energy cost was taken from 
the EPRI Technical Assessment Guide.(4} Economic and financial input assumptions utilized i~ 
the analysis were also taken from the Technical Assessment Guide. Turbine fuel prices and 
compression energy cost estimates were developed specifically for this study by a PNL survey 
effort.(5,6} 

Reference CAES system designs are based·on. near term (pre-1985) design technology. Esti­
mates reflect expected costs of commercial generating systems existing as part of a mature CAES 
economy (i.e., tenth plant built of a like technology}. Estimates do not reflect costs for 
prototype or first of a kind systems. CAES systems are assumed to be owned and operated by a 
regulated electric utility company. · 

Three sets of input assumptions were used in the analysis. Base case assumptions reflect 
the most realistic input assumptions. Sensitivity Case 1 assumptions consist of assumptions 
typical of those used in previous year CAES/thermal energy storage studies. Sensitivity Case 2 
input assumptions represent input for a low capacity factor/1000 hour operation per year system. 
Assumptions are shown in Table 2. In the table, only those sensitivity case inputs that differ 
from base case inputs are shown. 

TABLE 2. Economic Assumptions 

First Year of Plant Operation 
Plant Capacity Factor 
Plant Lifetime 
Cost of Capital 
Fixed Charge Rate 
Compression Energy Cost (1979) 
Turbine Fuel Cost (1979) 
General Inflation Rate 
Capital Escalation Rate 
Operating and Maintenance 

Escalation Rate 
Compression Energy Escalation 

Rate 
Turbine Fuel Escalation Rate 
Gas Turbine Technology 

Base Case 
Most Realistic 
Assumptions 
(July 1979) 

1985 
.25 (8 Hr Discharge) 

30 Yr 
10%/Yr 
15%/Yr 

15 Mills/kWh 
$5/106 Btu 

6%/Yr 
6%/Yr 

6%/Yr 

7%/Yr 
8%/Yr 

Near Term 
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Sensitivity 
Case 1 

Year 1978 
Assumptions 

20 M"i 11 sL kWh 
$3.33/106 Btu 

7%/Yr 
Advanced 

Sensitivity 
Case 2 

Low Capacity 
Factor 

Assumption 

.12 



RESULTS 

Estimates of levelized energy cost for the four system concepts are shown in Table 3. 
Estimates are reported in 1979 price levels for a construction/ operation scenario where CAES 
systems would begin commercial operation in 1985.· Estimates were developed for each of the 
reference study design cases. A breakdown of levelized· energy cost contributor elements for the. 
base case estimates is shown in Figure 5. 

TABLE 3. Levelized Energy Cost Estimates (1979 mills/kWh) 

Base Case Sensitivity Case 
Most Realistic Year 1978 

Assum~tions (Jull 1979} Assum~tions 

CAES/One Stage TES/Hybrid 98 93 
108 94 
110 96 

CAES/Two Stage TES/Adiabatic 99 116 
.77 93 

Conventional CAES 107 91 
108 89 

Combustion Gas Turbine 206 103 
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CONCLUSIONS 

A ranking of the economic performance of the four systems is shown in .Table 4. Rankings 
were based on levelized energy cost estimates. 

TABLE 4. Ranking of Systems Based on Energy Cost Estim~tes 

Base Case 
Most Realistic 

Assumptions (July 1979) 

CAES/One Stage TES/Hybrid 
CAES/Two Stage TES/Adiabatic~ ,. 

Conventional CAES 

Combustion Gas Turbine 

2 
. 1' 

3 

4 

Sensitivity Case 
Year 1978 

Assumptions 

2 

4 

1 

3 

Sensitivity Case 2 
Low Capacity 

Factor 
Assumption 

4 

The most significant conclusion that can be made from examination of the rankings is that 
relative economic performance or ranking is very dependent upon turbine fuel oil and compression 
energy price. System ranking differs significantly depending upon the set of price assumptions 
utilized in the analysis. Base assumptions were developed from very current (July 1979) price 
information. These inputs reflect recent increases and uncertainty in fuel oil prices. Sensi­
tivity Case 1 input assumptions were developed to match assumptions used in reference studies. 
Recent price increases and uncertainty are not reflected in these earlier year study assumptions. 
Energy cost estimates for systems that burn fuel oil are very sensitive to input assumptions. 
Energy cost estimates for systems that burn little or no fuel are relatively insensitive to 
input assumptions. Relative rankings of systems will vary depending upon the input assumption 
case utilized due to this difference in assumption sensitivity. 

This study makes four conclusions with respect to the economic performance of compressed 
air energy storage (CAES) systems using thermal energy storage. These conclusions are.as 
follows: 

• CAES system energy cost estimates are very sensitive to changes in fuel oil prices and 
compression energy costs. 

• CAES system energy cost estimates are· less sensitive to changes in system capital invest­
ment cost. 

• CAES systems appear less costly than combustion gas turbine systems. 

o Previous studies have reported that dramatic fuel oil price increases would make CAES/ 
thermal energy storage systems cheaper than conventional CAES systems. Fuel oil prices 
have increased dramatically. Adiabatic CAES systems using thermal energy storage now 
appear slightly less costly than conventional CAES systems. 
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PRELIMINARY EVALUATION OF COAL-FIRED 
FLUID BED COMBUSTION-AUGMENTED COMPRESSED AIR 

ENERGY STORAGE POWER PLANTS 

Albert J. Giramonti 
United Technologies Research Center 
East Hartford, Connecticut 06108 

ABSTRACT 

This paper presents the highlights of an ongoing program to assess the technical and 
economic feasibility of advanced concepts for generating peak-load electric power from a 
compressed air energy storage (CAES) power plant incorporating a coal-fired fluid bed combus­
tor (FBC). Specifically, it reviews: the design and operating considerations involved with 
integrating an atmospheric fluid bed combustor (AFBC) or a pressurized fluid bed combustor 
(PFBC) with a CAES system to yield practical system configurations~ the integration of system 
configurations; the parametric performance of these system configurations; and the preliminary 
screening which considered performance, cost, and technical risk and which led to the identi­
fication of an open-bed PFBC/CAES system as having the greatest near-term commercialization 
potential. 

INTRODUCTION 

An energy storage system which could be attractive for future electric utility peak-power 
applications is a modified gas turbine power system utilizing underground storage of very 
high pressure compressed air. In the compressed air energy storage (CAES) concept (1), 
synchronous gear clutches would be used to uncouple the compressor and turbine so that they 
could operate during different time intervals. During low-load, off-peak periods the com­
pressed air would be' withdrawn from storage, mixed with fuel, burned, and expanded through 
the turbine to generate power. One such system using petroleum fuel is currently in operation 
in West Germany (2),.and others of this type are deemed likely in the.foreseeable future. 

A potential long-term weakness of the CAES concept, as presently implemented, is its 
reliance on petroleum fuels during the power generation mode. It is appropriate, therefore, 
to investigate advanced CAES concepts designed to substitute a domestically more abundant 
fuel, such as coal, for petroleum. Direct combustion of pulverized coal in gas turbines was 
attempted in the 1950's but.proved unsuccessful because of problems with ash slagging, 
erosion, and corrosion associated with high combustion temperatures (3). An improved 
approach to coal combustion utilizing fluid bed combustors (FBC), offers the promise of 
solving some of these problems by permitting the combustion proc~ss to take place at low 
temperature. 

Application of a.FBC to the CAES concept creates the potential for a large number of 
possible FBC/CAES power plant system configurations incorporating atmospheric fiuid bed 
combustors (AFBC) or pressurized fluid bed combustors (PFBC). In principle, all of these 
configurations would use a coal-fired FBC to replace the petroleum-fired burner. A very 
simplified schematic representing possible PFBC and AFBC/CAES system configurations is shown 
in Fig. 1. If a PFBC were used, high-pressure air could be fed into the combustor. The 
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combustion gases from the PFBC would then be cleansed and expanded through the turbine. 
Another possible approach (not shown in Fig. 1) would be to split the airflow prior to the 
PFBC feeding a portion of the high-pressure air through heat transfer tubes immersed in the 
bed and the remaining portion into the combustor. The combustion gases would then be cleansed 
and mixed with the clean heated air prior to expansion. If an AFBC were used, high-pressure 
air would be heated in tubes immersed in the bed and then expanded through the turbine. The 
turbine exhaust air would then be fed irito the combustor to provide the combustion air. The 
combustion gases from an AFBC are at atmospheric pressure and could not be mixed with the 
heated air, as in the PFBC, but would be directed to the stack after transferring its thermal 
energy to the high pressure air (not shown in Fig. 1). 

The purpose of this paper is to review the analysis performed to select a FBC/ CAES 
system configuration which has the potential for attractive performance and cost characteris­
tics combined with near-term commercialization potential. The study program on which this 
paper is based is being·supported by the Battelle Pacific Northwest Laboratory under Sub­
contract No. B-51299-A-P as part of their Contract No. EY-76-C-06-1830 with the Department of 
Energy. 

INTEGRATION CONSIDERATIONS 

Integrating the fluid bed combustor, gas turbine, air storage and heat transfer equipment 
into an efficient, uncomplicated, and inexpensive power plant requires an appreciation of the 
operational and design limitations associated with each of these major subsystems to ensure 
compatability among them. In previous years, conceptual design studies of petroleum-fired 
CAES power plant systems have been conducted by several organizations (4, 5, and 6). In 
these studies considerable effort was expended to ensure that compatability does exist among 
the gas turbine, air storage, and heat transfer equipment. By effectively using the results 
from these studies attention can be focused upon the novel feature of the FBC/CAES power 
plant system, i.e., the substutition of a coal-fired FBC for the petroleum-fired combustor. 

BED E~IT TEMPERATURE 

The operating conditions which can be expected from both the FBC' and CAES turbomachinery 
are significantly influenced by their designs. In an earlier publication (7), the design 
technologies associated with both these subsystems were reviewed. From that review it can be 
stated that the most critical operating condition is the bed exit temperature, because the 
turbine inlet temperature is dependent on the bed temperature and the means chosen to transfer 
the thermal energy from the bed to the expansion gas. 

The choice of bed temperature is influenced by many considerations, the most important 
of which are achieving a high combustion efficiency, avoiding ash sintering, maximizing 
sulfur retention, obtaining high heat transfer rates to in-bed tubes, limiting the temperature 
of heat transfer surfaces in the bed, and reducing emissions of alkali metal salts. Weighing 
these sometimes ·opposing considerations results in an indication that the bed operating 
temperature should be maintained within the range of 775 to 900 C (1425 to 1650 F) with 850 C 
(1560 F) being a representative value. 

If an· open-bed PFBC were used in the CAES power plant and the combustion gases expanded 
in the gas turbine after particulate cleanup, then the turbine inlet temperature would at 
most be equal to the bed temperature (Fig. 2a). Turbine inlet temperatures of this magnitude 
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are characteristic of operating conditions used two decades ago and would not produce the 
maximum performance potential from current gas turbines that operate at temperatures around 
1095 C (2000 F). The reduced temperatures would, however, tend to inhibit potential erasion 
and corrosion resulting from particulates and alkalies entrained in the hot gases. 

If an AFBC or a PFBC with tubes immersed in the bed were used in the CAES power plant, · 
then the turbine inlet temperature might be limited to 550 C (1020 F) for near-term applica~ 
tions. The air in immersed tubes is constrained to this temperature despite the higher bed 
temperature·by a concern for the integrity of tube metal which, while being required to 
contain pressurized air, is being subjected to a high-temperature corrosive environment in 
the fluid bed. By maintaining the air temperature below 550 C (1020 F), it is possible 
to keep th.e outside tube metal temperature below a level (650 C (1200 F)) which can be 
considered to be within the corrosion limit of current commercially available materials. 
Obviously, maintaining the expansion air temperature at this level severely restricts the 
number of viable system configurations which could be considered because of the. reduced 
performance that would be associated with a turbine inlet temperature. of this magnitude. 

For an AFBC, one approach ~round this limitation would be to place convection heat 
exchanger surface in the freeboard above the bed where it is possible for gas temperatures to 
reach 1000 C (1830 F) due to combustion in the .freeboard (Fig. 2h). Since the corrosive · 
environment in the freeboard is much less severe than in the bed due to the absence of the 
sulfur acceptor, the outside metal temperature of the convective heat exchanger tubes can 
approach 800 C (1470 F) for commercial alloys. Accordingly, the exit air temperature could 
be as high as 750 C (1380 F). 

For a PFBC with tubes immersed in the bed, the turbine inlet air temperature can exceed 
the maximum immersed tube air temperature of 550 C (1020 F) because the combustion gases at 
850 C (1560 F) are mixed with the tube exit air prior to the turbine. However, this mixing 
will result in the turbine inlet temperature being at some level below the bed temperature. 

BED PRESSURE AND FLUIDIZING VELOCITY . 

I" 
Bed pressure and fluidizing'"velocity are also important operating parameters. The 

selection of operating pressure will influence combustion efficiency, sulfur retention, 
nitrogen oxides emission, and capital cost. Operation at elevated pressure (PFBC) will 
produce beneficial results for all of these parameters as opposed to operation at atmospheric 
pressure (AFBC). The fluidizing velocity must be controlled within fairly narrow limits, 
i.e., 0.75 to 1.4 m/s (2.5 to 4.5 ft/sec) for a PFBC and 0.75 to 2.5 m/s (2.5 to 8ft/sec) 
for an AFBC. Operation within this range will establish good bed fluidization, provide 
sufficient oxygen for combustion, and limit elutriation of bed particles. 

Both pressure and velocity significantly affect combustor capital cost. The size of the 
FBC is reduced with. increasing pressure and fluidizing velocity because the mass flow rate 
increases, thereby increasing the power output per unit bed area. This effect is graphically 
illustrated in Fig. 3. 

SYSTEM CONFIGURATIONS 

The FBC/CAES system integration incorporated the system design philosophy used by UTRC 
in previous studies (4, 6, and 8) wherein the turbomachinery contains both low- and high­
pressure components. In such a system the low-pressure compressor is used to raise the air 
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to an intermediate-pressure level (typically 16 bar (atm)), after which the booster compressor 
is used to increase the pressure to a level compatible with the storage reservoir pressure 
(typically 40 to 80 bar (atm), with 6G·bar (atm) used in this study). The high-pressure 
expansion turbine and low-pressure turbine perform the reverse ~ole. Using this system 
design philosophy as a basis, it is then possible to introduce the key components associated 
with the fluid bed combustor and turbomachinery which might be unique to a specific FBC/CAES 
application. 

Several FBC/CAES system configurations were studied; some of the more prom1s1ng are 
discussed here. The compression system was unchanged among these configurations; consequently, 
the only variations in the system configurations are in the manner in which the stored air 
would be heated and expanded. 

PFBC/CAES SYSTEM CONFIGURATIONS 

In the open-bed PFBC/CAES configuration (Fig. 4), air from the recuperator at approxi­
mately 60 bar (atm) would be expanded through the expansion turbine and used for combustion 
in an intermediate-pressure (16 bar (atm)) open-bed PFBC. The gases would then be expanded 
to almost atmospheric pressure in the low-pressure turbine and cooled in the recuperator. The 
temperature into the expansion turbine would be relatively low, thus, leading to relatively 
low power output. To increase the power output from the expansion turbine, other system 
configurations were investigated which would increase the temperature into the expansion 
turbine. 

One approach would be to utilize a very high pressure (VHP) PFBC operating at about 60 
bar (atm). Air from the recuperator would be used for combustion in the VHP PFBC (Fig. 5), 
expanded in the expansion turbine, and then used for further combustion in the intermediate­
pressure PFBC. The twice combusted gas would then be expanded in the low-pressure turbine. 
This system exhibited the best performance of all the FBC/CAES systems that were studied. 

Another approach to increase the temperature into the expansion turbine and, thus, 
increase the expansion turbine output would be to put in-bed air heater tubes in the PFBC. 
High-pressure air from the recuperator would pass through tubes in an intermediate-pressure 
PFBC {Fig. 6). The ~ir would be heated to 550 C (1020 F) and then expanded through the 
expansion turbine. The air would then be used for combustion in the PFBC and expanded 
through the low-pressure turbine. The air temperature exiting from the in-bed tubes would be 
limited to 550 C (1020 F) because of the corrosion problems identified previously. 

AFBC/CAES SYSTEM CONFIGURATIONS 

The use of an AFBC would do away with the potential problems of turbomachinery material 
corrosion and erosion because only clean air would_be expanded through the turbines. Several 
basic AFBC/CAES system configurations were studied, all of which used immersed tubes in the 
bed and external convective heat exchangers using energy in the hot AFBC exhaust gases. One 
of these configurations is depicted in Fig. 7. Air from storage would be preheated in 
the recuperator, heated to 550C (1020F) in tubes placed within the bed, and then further 
heated in the convective heat exchanger prior to expansion. The hot AFBC combustion gases 
(at 1000 C {1830 F)) would be used to heat the expansion and low-pressure turbine inlet air 
and reheat the combustion air going to the AFBC. The combustion gases are then mixed with 
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the low-pressure turbine exhaust air which was not used for combustion. The resulting 
mixture is passed through the recuperator to preheat the air from storage. 

Both counterflow and parallel flow heat exchangers were investigated with the objective 
of obtaining as high a temperature as possible into the turbines while limiting the average 
heat exchanger metal temperature to 800 C (1472 F). The counterflow arrangements are capable 
of heating the turbine air up to about 740 C (1370 F), but they would require a maximum metal 
temperature around 870 C (1600 F). In the parallel flow arrangement a pinch condition would 
limit the maximum air and metal temperatures to about,690 C (1270 F) and 715 C (1320 F), 
respectively. 

PARAMETRIC PERFORMANCE 

The level of performance that a CAES power plant could achieve depends greatly on the 
system operating conditions and component performance characteristics selected. The pertinent 
component values for the FBC and turbomachinery were estimated for use in the performance 
analysis. Operating and performance characteristics for the remaining CAES equipment were 
based on previous studies conducted by UTRC (Refs. 4, 6, and 8). The more important parameters 
are identified in Table I, and the performance results are summarized in Table .II. 

PFBC/CAES SYSTEMS 

Four sets of operating conditions were simulated for the open-bed system configuration 
depicted in .Fig. 4. First, the range of operating pressure which could be expected from 
current PFBC technology and which could be applied to the intermediate-pressure PFBC in a 
near-term CAES application, i.e., 10 to 15 bar (atm), was bracketed. Next, the effect on 
performance of an evolution in technology was simulated; first, by increasing bed temperature 
50 C (90 F) above existing temperatures to 900 C (1650 F), then by increasing the bed pres­
sure to 20 bar (atm) from 15 bar (atm) along with the elevated temperature of 900 C (1650 F). 
In reviewing both the output power and round trip heat r.ate resulting from this exercise, it 

ccan be seen that the increase in bed temperature produced a more marked improvement in 
performance than did the increase in bed pressure. 

As noted before, the system configuration of Fig. 5 with a very high-pressure open bed 
PFBC produced very attractive performance characteristics. Two sets of operating conditions 
were investigated for the intermediate-pressure PFBC representative of near-term technology 
(15 bar, 850 C (15 atm 1560 F)) and slightly advanced technology.(20 bar, 900 C (20 atm, 1650 
C)). The bed temperature for the VHP PFBC was taken to be the same as for the intermediate­
pressure PFBC, while the bed pressure corresponded to the air pressure at the exit of 
the recuperator (58 bar (atm)). ·. 

The system configuration of Fig. 6 with immersed tubes was the.most extensively investi­
gated system configuration, with seven sets of operating conditions s1mulated. Five of these 
seven sets were used to bracket the current technology bed operating condition of 850 C (1560 
F) and 15 bar (atm). First, it was bracketed by bed pressure, 10 bar (atm) and 20 bar (atm) 
then it was bracketed by bed temperature, 775 C (1420 F) and 900 C (1650 F). An effect 
similar to that observed for the simple open bed resulted; i.e., a variation in bed tempera­
ture produced more significant improvements in performance than variations in bed pressure. 
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To evaluate the effect that air storage pressure would have on system performance, 
the storage pressure was alternately increased then decreased by 20 percent. In viewing the 
performance resulting from these two simulations, it can be seen that increased storage 
pressure leads to increased power at the expense of a slight increase in heat rate. The 
results of this exercise could also be used to approximate the performance that could be 
expected in constant volume or porous media storage reservoirs wherein the pressure during 
compress'ion .and generation would vary over a similar range ( 6). It can be shown that the 
performance of a variable pressure air storage system would be comparable to that obtained 
from a constant pressure air storage reservoir when the constant air storage pressure is 
equal to the average pressure of the variable pressure reservoir. 

AFBC/CAES SYSTEMS 

Three sets of operating con.ditions were simulated for the AFBC/CAES system configuration 
of Fig. 7. 'The first two simulations provided for counterflow heat exchangers in the convec­
tive zone above the fr'ee-broad, and the last provided for a para'llel flow heat exchanger. In 
the first of the counterflow simulations, the expansion turbine air bypassed the convective 
heat exchangers. Consequently, the expansion turbine inlet temperature reflected the immersed 
tube air exit temperature of 550 C (1022 F). In the second of the counterflow simulations, 
the expansion turbine air did pass through the heat exchanger where it was heated to 740 C 
(1370 F). For the parallel flow simulation, the expansion turbine air also passed through 
the heat exchanger where it was heated to_690 C (1270 F). 

The counterflow simulations produced the better performance results because of the 
higher turbine inlet conditions. Of the two couriterflow configurations, the second one in 
which both the expansion and low turbine inlet air streams were heated to the maximum tempera­
ture ·produced the better performance. However, the maximum metal temperature would be much 
lower in the parallel flow arrangement. 

ti,; ' PRELIMINARY SCREENING ANALYSIS 

The objective of the screening analysis was to identify the FBC/CAES system that has the 
greatest potential for ne'ar-term commercialization and also has attractive performance, low 
cost, and low technical risk. The performance results are covered in the previous section; 
cost and risk characteristics are presented below: 

COST CHARACTERIZATION 

Cost cha~acterizations were estimated for each of the major subsystems of the FBC/CAES 
system: the fluid bed combustor, the heat transfer equipment, and the CAES aboveground and 
underground equipment. To these direct costs we.re added approximations for the indirect, 
owning, and operating costs. The cost values used in th.is analysis are preliminary in 
nature, but they are internally consistent and suitable for comparison purposes within the 
guidelines of the current effort. The ·relative cost rankings are given in Table III. 

RISK ASSESSMENT 

A major concern when investigating a novel power system is proper evaluation of the· 
risks associated with its commercialization. Not only is there a technlogical risk in that 
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the power system may not meet performance expectations, but there is also an economic risk in 
that the developer may not earn an acceptable return on his investment. 

Areas in which R&D on fluid bed combustion is required include: coal and sorbent 
feeding, coal distribution, combustor design, hot gas cleanup, disposal of output solids, 
tube bu.ndle design, load following and control, and regeneration of sorbent. The existence 
of unknowns in these areas poses a potential risk to the commercialization of the FBC/CAES 
power plant system concept. Obviously, success in some areas is more vital to the concept 
then in other areas. For the open-bed PFBC/CAES system, hot gas clean up is important. For 
the FBC/CAES systems with immersed tubes, tube bundle design and load following are important. 
Consequently, in assessing these systems greater weight was subjectively assigned to those 
areas. 

Relatively little risk is associated with the turbomachinery in AFBC/CAES applications. 
However, areas in which R&D on turbomachinery for PFBC/CAES applications is required include: 
hot· gas cleanup, particulate erosion, corrosion, combined erosion/ corrosion, deposition, 
combined deposition/ erosion/corrosion, damage control techniques, and alkali metal control. 
In this assessment, particulate erosion and alkali erosion received greatest weight. 

Many of the corrosion concerns expressed about the turbomachinery are similar to those 
for the high-temperature convective heat exchangers. These concerns occur primarily for the 
AFBC systems because hot AFBC exhaust gases bathe the hot side of the convective heat ex­
changers. Metal operating temperature, therefore, is an important risk consideration. 

It should be noted that most of these risk areas are being addressed as part of an 
extensive DOE combined cycle development effort ( 9). However, the rapid cycling requirement 
for CAES systems in peaking applications is significantly different from the intermediate­
and base-load requirements of the combined cycle program. Accordingly, some of the load­
following requirements of FBC/CAES systems require special attention. 

The approach used in this study was to estimate the relative technical risks for each of 
the three key development areas discussed above -- the FBC system, the turbomachinery and the 
heat exchangers. A subjective ranking system was used ·to represent the range from no risk 
(equipment commercially available) to high risk (design unknowns, R&D required). The result 
of the risk evaluation is presented in Table III. 

COMMERCIALIZATION 

The discussion of technical risk, and its associated R&D requirements, leads directly to 
the issue of commercialization. The term commercialization date, for the purpose of this 
study, is defined as the earliest date at which both the buyer (electric utility) and lhe 
seller (equipment manufacturer) would agree to sign a contract based on standard commercial 
terms and conditions. Typically, the first date of commercial operation would follow the 
contract signing by three to ten yearsl1 depending on the time required to obtain the necessary 
permits and construct the plant. · I 

Estimates of the commercialization date are provided in Table IV for the FBC/CAES 
systems considered. These estimates are based primarily on the development requirements of 
FBC technology, which was judged to be the pacing item. These projections are consistent 
with the degree of technical risk reflected in the risk analysis. 
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PBC/CAES SYSTEM.SELECTION 

The results of the FBC/CAES screening analysis are summarized in Table III. The open 
bed PFBC/CAES system was identified as an ·attractive candidate system. This is based mainly 
on the relatively low ris~ for the PFBC design (no tubes in bed), the moderate costs, and the 
respectable round trip heat rates which this system exhibited. The open bed VHP.PFBC/CAES 
system exhibits superior performance but has high risk. Consequently, this concept may 
become a future candidate once better design and costing data become available. The PFBC/CAES 
system with low-temperature air tubes is also an attractive candidate. Its cost and heat 
rate are lower than for the open-bed PFBC/CAES system; however, because of the tubes in the 
bed the risk is increased slightly. The AFBC/CAES system with low-temperature air tubes wa2 
judged to be questionable for commercial applications. This system would have low risk 
resulting from the lack of turbine corrosion/erosion problems, but it also has relatively 
high cost and poor performance. 

From the above, it is clear that both the PFBC/CAES-open bed and PFBC/CAES-inunersed 
tube systems are attractive. The latter has lowest cost and heat rate, but it could not 
become commercial until about 1990. The former has lowest risk and could be commercialized 
shortly after 1985. 

Based upon the potential for earlier commercialization, the PFBC/CAES-open bed system 
configuration (Fig. 4). wasselected for more detailt·d evaluation. The bed operating condi­
tions chosen for this system are 15 bar (atm) and 850 C (1560 F). 

The recommended open bed system has several promising future growth options which tend 
to reduce costs and lower fuel consumption. Figure 8 graphically depicts two possible 
evolutionary growth paths from the recommended open bed PFBC system. The upper path contains 
the nearer term options. Without tubes in the bed, it should be a relatively easy matter to 
increase bed temperature to 900 C (1650 F) and to increase bed pressure to 20 atmospheres. 
When the technology for very high pressure beds is developed, one could be added to the 
system to improve performance. The lower path involves placing tubes in the bed. First, low 
temperature tubes would be added with metaJ temperatures limited to about 650 C (1200 F). 
Eventually, high temperature tubes could be added where .the metal temperature would approach 
the bed temperature. 

CONCLUDING REMARKS 

The open bed PFBC/CAES system concept seems to be an attractive and logical near-term 
power plant option .. It has low risk, early commercialization potential, and acceptable 
performance and cost. Furthermore, this system has several growth versions promising lower 
cost and improved performance. This system is currently undergoing more extensive preconcep­
tual design and analysis. 
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TABLE I. Selected Operating and Design Conditions 

Maximum immersed-tube metal temperature 
Maximum immersed-tube air temperature 
Storage pressure 
Storage temperature 
Storage leakage loss 
Low-pressure turbomachinery efficiency 
High-pressure turbomachinery efficiency 
Combustor carbon loss 
Combustor radiation loss 
Sulfur retention 
Overall grid utility heat rate 

650C ( 1200F.) 
.550C (1020F) 
66.3 bar ( atm) 
49C (120F) 
4%. 
.90% 
75-85% . 
1% 
1% 
85% 

.10,550 kJ/kWh 
(10,000 Btu/kWh)· 

TABLE II. FBC/CAES System Performance Summary 

Bed Exit Conditions 
System bar c 

.open bed 10 850 
(Fig. 4) 15 850 

15 900 
20 900 

Open bed, VHP · 58/15 850/850 
PFBC (Fig. 5) 58/20 900/900 

Immersed tubes 10 850 
(Fig. 6) 15 850 

20 850 
15 775 
15 900 
15(1) 850 
15 ( 2) 850 

Immersed tubes 1 ( 3) 1000 
(Fig. 7) 1(3) 1000 

1(4) 1000 

( 1) Storage pressure +20% (79.5 atm) 
(2) Storage pressure -20% (53.0 atm) 
(3) Counterflow heat exchanger 
(4) Parallel flow hP.at exchanger 
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Power 
MW 

PFBC/CAES 

220 . 
224 
235 
238 

273 
281 

242 
247 
247 
234 
255 
254 
237 

AFBC/CAES 

218 
225 
213 

.Round Trip 
Heat Rate 

kJ/kWh 

14167 
13977 
13521 
13414 

12278 
12134 

13166 
12979 
12942 
13428 
12703 
13069 
12907 

14263 
13920 
14528 
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TABLE III. FBC/CAES Screening Analysis Results 

System 

PFBC/CAES­
open bed 

PFBC/CAES­
open bed, 
VHP PFBC 

PFBC/CAES­
tubes 

. AFBC/CAES­
tubes 

H = high 
M = moderate 
L = low 

Risk 

L 

H 

M 

L 

Cost Heat Rate Prognosis 

·M-L H-M Attractive candidate 

? L Future candidate 

'· 
L L Attractive ~andidate 

H H Questionabl~ 

TABLE IV. Commercialization Date Projections 

System Date 

PFBC/CAES-open bed 1985+ 

PFBC/CAES-open bed, 1995+ 

VHP PFBC .. 
PFBC/CAES-immersed tubes 1990-. 

AFBC/CAES-immersed tubes 19.85+ 

:'\ , .. 
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Fig. 1 Simplified coal-fired FBC/CAES system configuration 
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Fig. 4 · Coal-~ired PFBC/CAES system configuration with open bed 
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Coal-fired PFBC/CAES system configuration· 
with open beds and a very high-pressure PFBC 
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Coal-fired PFBC/CAES system configuration with tubes 
immersed in bed 
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Fig. 7 Coal~fired AFBC/CAES system configuration with tubes 
immersed in bed and high-temperature heat exchanger 

RECOMENDED OPEN 
BED PFBC SYSTEM 

INCREASE BED TEMPERATURE 
INCREASE BED PRESSURE 

ADD VERY HIGH PRESSURE PFBC 

ADD LOW TEMPERATURE TUBES 
ADD HIGH TEMPERATURE TUBES 

Fig. 8 Growth potential of recommended PFBC/CAES system 
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Pumped Storage Power Plants" 
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Project Status: 

Contract Number: 
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of 500, 750 and 1000 meters 
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conditions of 1000, 1250 and 1500 meters. 

Project the cost for the various alternate.machine designs 
developed in order to generate parametric cost relations as a 
function of head and power capacity. 

It should be ~oted that this document addresses only the initial 
two phases of a large development project extending into 1982. The 
project is concerned with not only the conceptual development of 
mechanical and hydraulic designs but actual model testing at proto­
type heads. 

The project's first phase was completed and reported during 1978. 
The second phase is in progress with extensive work being done to 
develop the multistage concept. Preliminary designs are complete. 
and are currently being ~nalyzed so that the designs can be finalized. 
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COMPARISON OF SINGLE, DOUBLE AND MULTISTAGE PUMP /TURBINE EQUIPMENT 
FOR UNDERGROUND PUMPED STORAGE SERVICE 

John Degnan 
Allis-Chalmers Corporation 

Hydro-Turbine Division 
Box 712 

York, Pennsylvania 17045 

ABSTRACT 

This paper attempts to summarize the significant design considerations found during the 
development of single, double and multistage reversible hydro machinery for the Under­
ground Pumped Hydro Storage project (UPHS) currently funded through the U.S. Department 
of Energy (D.O.E.). This year's study involves the following major objectives: 

1. Complement the 500 MW Pump/Turbine equipment developed last year for UPHS with 350 
MW machinery. 

2. In addition, develop efficient multistage pump/turbine designs for the operating 
conditions used in the designing of all the Allis-Chalmers single and double stage 
machinery for UPHS so far. 

3. Establish parametric relations for the cost of reversible hydro machinery as a 
functiou of head, capacity and number of stages. 

Examples of the preliminary designs for the different staged machines are included in 
this paper. Special design considerations and conclusions as to the feasibility and 
limitations of each type of machine are drawn according to their expected cost, mechan­
ical and hydraulic considerations. 

INTRODUCTION 

The D.O.E. continued to fund the UPHS program in 1979 in order to extend the design 
knowledge and cost data developed during the first phase of the program in 1978. With 
regard to the reversible hydro machinery, the following development work has been re­
ported or is in progress: 

350 MW single stage pump/turbines were developed for rated head conditions of 
500, 750 and 1000 M complementing the larger 500 MW units as documented in 
(1). 

350 MW double stage pump/turbines have been designed for rated head conditions 
of 1000 and 1500 M. These units have been developed according to design 
criteria consistent with the previously designed double stage units described 
in (2). 

Development of the multistage concept as it applies to pump/turbine technology 
is required in order to accommodate a growing demand for higher and higher 
head conditions. 350 and 500 MW nongated reversible multistage pump/turbines 
are being developed to accommodate base loads at rated heads of 1000, 1250 and ~ 

1500 M. 

These designs will provide additional engineering and manufacturing cost data in the 
prescribed head range while allowing for direct comparison with the gate regulated 
double stage units as they relate to hydraulic performance, mechanical design, associ­
ated powerhouse requirements, etc. 
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SINGLE STAGE PUMP/TURBINES 

MECHANICAL DESIGN 

Fig. 1 exemplifies the single stage concept by showing the 500 M nominal head, 350 MW 
machine distributor section. Fi.g. 2 shows some design var.ialions required to accommo­
date the smaller machine configuration of the 1000 M, 350 MW pump/turbine. Note, for 
instance, the different gate bushing designs. Due to the small size of the latter unit, 
it is impossible to access the inside of the headcover for gate placement and removal. 
The 1000 M machine is therefore equipped with the special bearing cartridge serving both 
upper journal bearings as well as providing thrust restraint against the upper collar. 
The special bearing cartridge is inserted and secured to the top headcover deck from the 

-pit area rather than from inside the headcover. 

Also note that the 1000 M machine requires an outside gate operating linkage again due 
to the relatively small machine size. The more conventional inside linkage can fit into 
the larger 500 M machine. The main disadvantage of the outside linkage arrangement is 
that it requires a more complex servomotor anchorage into the powerhouse as well as a 
more expensive pit liner. In spite of this, it is a proven alternative means of gate 
regulation when the machine size can~ot accommodate the conventional linkage arrange­
ment. 

The· remaining machine components have been sized according to criteria consistent with 
the 500 MW machines described in (1). The reader may consult the reports and papers 
listed in the references for details concerning the machine designs. 

FIG. 1- f..M)£R~OJM) HIGI/I£AD P{ T Ffi0.£CT- ARGCNIE NATL LAB- 50:) I\.£TE11S 
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HYDRAULIC PERFORMANCE 

One of the most important parameters characterizing a hydraulic machine is its specific 
speed. In general, for high head pumping an upper limit in the selection of specific 
speed can be placed by consideration of the losses attributable to flow in the water 
·Casing. This is because at higher specific speed.s casing losses have the stro.ngest 
influence on efficiency. One of the most important parameters characterizing a hydrau­
lic machine is its specific speed. In general, for high head pumping a lower specific 
speed must be selected relative to the peak efficiency point, however, a lower limit 
must also exist since losses associated with disk friction and leakage increase rapidly 
at lower specific speeds. With the impeller and other mechanical losses relatively con­
stant, these considerations leave a rather narrow band of specific speeds from which to 
choose. A similar distribution of lo·sses must be considered in the turbine mode in 
order ·to decide 'the best specific speed with respect to hydraulic performance. There 
are advantages to choosing the highest feasible specific speed such as reduced unit and 
possibly powerhouse size, reduced waterhammer load and increased efficiency. An in­
creased potential for cavitation accompanies these advantages, however, but the result­
ing increase in submergence may or may not be a significant cost in a UPHS plant since 
this cost is indeed a small percentage of the overall excavation expenses necessary to· 
develop such a plant. 

Relat.ed to the selection of specific speed is a problem of matching the prototype speed 
with an available synchronous speed. This becomes increasingly difficul! as the head 
requirements increase since with the increasing head there are few available synchronous 
speeds for a given power rating. Fig. 3 shows this. For a given head and unit capa­
city, specific speed must therefore be adjusted to correspond to an available synchro­
nous speed. With so few synchronous speeds available at high heads, there are many 
benefits to be derived by close coordinatirin between the customer and designer in se­
lecting unit capacity for high head plants. Such coordination will aid in the selection 
of a design that has an optimum balance of efficiency, speed, submergence and size. 

For the high heads being considered in UPHS, the cavitation phenomena is an especially 
important design consideration. It is very important that impellers and other water 
passage obstructions be virtually free of imperfections or discontinuities which could 

220 

1 .... 



lead to cavitation bubble formation. During the design and production phases of such a 
plant, care should be taken to use cavitation resistant material such as A296 GR CA-6NM 
stainless steel and assure proper water passage finishes ~voiding distortion of the as 
designed shapes. It should be noted here that as machine size decreases, difficulty in 
accessing critical water passages to do the necessary surface finishing increases. The 
associated extra manufacturing costs must reflect this. 

Table 1 indicates characteristic parameters for .the UPHS single sta~e pump/turbines. 

Available H 1000 m H 500 m H =, 250 m Available H == 250 m H = 125 m 
Synchronous w 0.51 (;j 0.51 w 0. 72 Synchronous w = o. 72 w = 1. 01 
.QEeeds (60 Hz) Ks 16.03 Ks 11.34 Ks = 11.35 SEeed(60 Hz) K = 11.35 K = 11.34 

1200.0 170 156.5 
62u 900.0 300"1" 150.0 675 240 

720.0 475 3 144.0 725 260 
600.0 672___1 138.5 800 280 
514.3 925 133.3 305 
450.0 225 128.6 325 
400.0 

27n 
124.1 350 

360.0 325 120.0 375 
327.3 400 116.1 400 
300.0 475 7 112.5 430 
276.9 

55u 
109.1 455 18 

257.1 650 225 105 .. 9 485 
240.0 750 . 

250f 102.9 510 
225.0 300 100.0 540 
211.8 350 94.7 605 
200.0 375 II 92,3 635 
189.5 425 90.0 670 
180.0 475 87.8 705 
171.4 525 85.7 740 
163. 6· 575 83.7 775 

FIG. 3 AVAILABLE POWER SELECTIONS (MW) 

TABLE 1 Summary of Single Stage Design Parameters 

Nominal Head, H (M) 500 750 1000' 500 750 1000 
Rated Power (MW) 350 350 350 500 500 500 
Flow, Q (M**3/s) 70 so 34 100 70 52 
Speed, N (RPM) 400 600 900 327 514 720 
Runaway Speed (RPM) 560 840 1260 458 720 1008 
Pump Specific Speed, 

N (q,p) 31.65 29.60 29.51 30.95 30.02 29.2 
(Units= NQ **.S/H**.75) 
Expected Best Efficiency 

Pump (%) 93.0 92.3 91.3 92.6 92.3 91.7 
Turbine (%) 92.1 91.5 90.4 92.4 91.8 90.9 

Shaft Diameter (M) 1.067 0.92-7 0.813 1.270 1.118 0.991 
Spiral Case Inlet 

Diameter (M) 2.362 1.810 1.442 2. 718 2.007 1.594 
Runner Outside 

Diameter (M) 4.796 3.874 3.003 5.818 4.507 3.701 
Runner Pad Height (M) 0.435 0.325 0.262 0.488 0.352 0.274 
Number of Runner 

Buckets 7 7 7 7 7 7 
Number of Wicket 

Gates 20 20 20 20 20 20 
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DOUBLE STAGE PUMP/TURBINES 

MECHANICAL DESIGN 

Figs. 4 and 5 show the double stage concept with the top stage gated in a 1000 M, 350 MW 
application and a 1500 M, 350 MW application. The latter machine as with the 1000 M, 
350 MW single stage unit requires a special gate cartridge type bearing and an outside 
linkage due to its small size. Other than these modifications, the mechanical design 
criteria for all the major components closely followed those documented in (3). 

HYDRAULIC DESIGN 

Based on the mechanical considerations of critical shaft speed as described in (2), the 
mass and power ratios of the top to bottom stages are greater than unity with the top 
impeller developing about 60% of the power. Since both impellers have the same flow and 
rotational speed, their specific speeds will differ. Again the highest feasible specif­
ic speed was chosen per the arguments presented under the "HYDRAULIC DESIGN" discussion 
in the single stage portion of this paper. Note that specific speeds of each stage vary 
slightly between the machines but this is mainly because of having to match prototype 
speed with an available synchronous speed. Ideally specific speed is kept constant in 
order to maintain constant efficiency for each head machine. 
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Table 2 indicates characteristic parameters for the ~PHS double stage pump/turbines. 

TABLE 2 Summary of Double Stage Design Parameters 

Nominal Head, H (M) 1000 1250 1500 1000 1250 1500 
Rated Power (MW) 350 350 350 500 500 500 
Flow, Q (M**3/s) 35.7 28.6 23.8 51.5 40.8 33.6 
Speed, N (RPM) 514.3 .. ~20.0 900.0 450.0 600.0 720.0 
Pump Specific Speed, N (q,p) 

Units= NQ **.5/H **.75 
Top 34.36 36.42 36.22 36.1 36 .. 25 34.43 
Bottom 25.35 26.87 26.73 26.64 26.74 25.40 

Expected Best Efficiency (%) 
Pump 91.0 90.0 89.0 91.0 90.0 89.0 
Turbine 90.1 89.5 88.8 90.0 89.5 88.5 

Shaft Diameter (M) 1.118 1.168 0.927 1.321 1.194 1.118 
Spiral Case Inlet Diameter 

(M) 1.676 1.327 1.219 1.873 1.588. 1.391 
Runner Outside Diameter (M) 

Top 4.552 3.185 3.195 4.552 3.820 3.474 
Bottom 3.993 2.680 2.803 3.830 3.216 2.921 

Runner Pad Height (M) 
Top 0.286 0.229 0.211 0.318 0.269 0.229 
Bottom 0.338 0.267 0.249 0.375 0.318 0.274 

Number of Runner Buckets 7 7 7 7 7 7 
Number of Wicket Gates 20 20 20 20 20 20 
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MULTISTAGE PUMP/TURBINE 

MECHANICAL DESIGN 

350 and 500 MW machines are currently being designed at Allis-Chalmers for operational 
heads of 1000, 1250 and 1500 meters. Theoretically these machines can be of a regulated 
type with all the stages independently gated or they can be designed as base load type 
machines with no gates. Practically speaking, only the latter choice is feasible due to 
the extreme complexity of independently governing the multiple stages not to mention the 
related expenses, questionable reliability and potential maintenance problems. Actually 
some degree of load leveling can be realized with a power plant containing several 
ungated units by choosing to operate a selected number of the units according to the 
line demand. Fig. 6 shows the preliminary design of a 1500 M, 500 MW unregulated four­
stage pump/turbine. 

Given capacity and head parameters, the starting point to initiate such a design is to 
choose the number of stages and specific speed. These will essentially set the machine 
size and according. to the stiafting system design, the fundamental critical speed can be 
determined. As in the double ·stage units described. in (2), the lateral critical speed 
presents the first major problem in the design process. The designer must decide an 
acceptable relationship between operational speeds and the. critical speeds. The conven­
tional single stage machines can be designed with the first critical a good 40% greater 
than the maximum runaway speed. This is the safest and most conservative approach and 
is used whenever possiple to ensure avoidance of dynamic problems in the shafting system. 
In the design of double stage hydro machinery it is very difficult to satisfy this 
criteria without adding some type of intermediate lateral support or even a lower tur­
bine guide bearing; however, with multistage equipment including 5 and 6 stages it 
becomes unreasonable to adhere to such a conservative criteria even with the lower 
turbine guide bearing. In attempting to satisfy thi·s rigid design criteria on multi­
stage hydro machine designs, the tendency is to progressively increase shafting system 
stiffness which probably increases the runner size .and thus mass and machine cost. The 
increased runner mass substanti'ally detracts from the positive effects on critical speed 
given by the increased shaft stiffness. Another ill effect -is a resulting reduced 
machine efficiency and increased potential for cavitation(~). Some_m~ltistage machin­
ery, especially in the compressor industry, have been designed to operate between the 
first and second critical speeds with success. Some of these required special journal 
bearing designs in order to control half freq~ency whirl, a dynamic phenomena exhibited 
by the shafting tending to whirl around its journal bearings at half the machine's 
rotational speed. This dynamic response associated with operational speeds above the 
critical can cause serious damage to the bearings if left ur1checked (7). A 5 stage 

machine currently being developed at Allis-Chalmers employs special shoe type journal 
bearings whose wedge effect should alleviate this dynamic problem.· The 4 stage machine 
shown in Fig. 6 has its critical speed 20% above the maximum runaway speed. 

Design experience of multistage hydro machinery at heads approaching 1500 M is prac­
tically nil. Only one multistage pump/turbine is currently operational: La Coche, 
France, with an 80 MW capacity and 940 M Head. High head pump design experience is pre­
sently being researched in order to verify our preliminary designs. The following 
points summarize the important design considerations in multistage pump/turbine devel­
opment uncovered thus far: 

Size and mass of the largest components with respect to the capacity limita­
tions of both foundry and transportation facilities including the limitations 
associated with underground power plant handling devices. 

High flow velocities and associated corrosive effects. 
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Material selection to accommodate corrosion problems and highly stressed 
.components., Fig .. 7 shows ~n axisymmetric finite element model of the 4 stage 
unit in order to assess the various components' stress levels. 

Vibration and noise. 

Critical speed of shafting system; bearing design and stiffness. 

Design limitations of the electrical generator/motor as it relates to speed 
selection of the pump/turbine. 

\. 

·r 

~----*-~~~a_---~----~~--~x 
FIG, 7 4 STAGE PUMP TURBINE DI.STRIBUTOR 

SECTION-FINITE ANALYSIS 
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HYDRAULIC DESIGN 

Specific speed selection for multistage·pump/turbines are under the same restrictions as 
mentioned for the double and single stage machines exce.pt that the potential hazards due 
to cavitation are less exaggerated. This is because the total machine head is distri­
buted across a number of stages thus lowering the fluid velocities and allowing higher 
acc~ptable specific speeds. A related advantage in using multiple stages is that the 
submergence need not be as deep as in single and double stage equipment in order to 
inhibit cavitation. Actually mechanical and manufacturing considerations become more 
and more a dominant consideration for ·specific speed selection as more stages are added. 
This is because specific speed has such a strong influence on machine size which direct­
ly relates to the problems associated.with critical speed and attaining and inspecting 
stringent water passage finishes. Another practical limitation in selection of specific 
speed is the maximum allowable generator rotational speed. Currently, this limiting 
speed appears to lie between 720 and 900 RPM. 

Preliminary designs for the stationary water passage shapes have been determined as a 
function of minimum head loss and the experience of multistage pump design. Certainly 
mechanical constraints of the stationary components also 'influence the water passage 
shape such as required stay vane strength, lower turbine. guide bearing influence on the 
draft tube design and perhaps most significantly, la~eral shaft . stiffness dictating 
shaft diameter as it relates·to the critical speed problem: 

ECONOMICS 

Engineering and manufacturing costs for the single and double stage hydro machinery 
presented in this paper ·have been estimated and provide a data base from which gener­
alized cost estimates can be made as a function of head, capacity and machine type. The 
parametric relations are provided .in Figs. 8 and 9. Note that the data has been normal­
ized to a value which is, of course, d~pendent on the market at a given point in time. 
For the most part these relative cost values are sufficient in helping to choose the 
optimum selection of equipment for a given installation. The multistage machine designs 
are not yet completed and therefore the cost ,data is incompl~te at the time of this 
writing. 
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CONCLUSION 

The well established single stage pump/turbine concept is the cheapest, most efficient, 
most versatile and reliable solution for use in power plants; however, a head limitatio~ 
of about 1000 M seems apparent today. The double stage concept with its top stage 
regulated is the next logical solution to accommodate increased head conditions. The 
concept has been developed with acceptable expected efficiencies and no major obstacles 
for finalization. The operating conditions of these machines are naturally less flex­
ible due to the narrowing band of near peak efficiency when compared with single stage 
machinery. Finally, the recent efforts being made to develop a general multistage 
pump/turbine concept seem to indicate that in spite of its inflexible allowed ope.rating 
conditions, it has the advantage of accommodating high heads at least twice those of 
current experience. This ability is an essential factor in considering the feas.ibility 
of some UPHS sites. The accompanying price tag includes (6): 

High equipment cost. 

No per unit load regulation. 

An expensive pump priming procedure requiring a "watered up" unit with a 
relatively large power demand of about SO% of the rated pump capacity. An 
unwatered pump start w;i.th a single stage machine typically needs only about 
10% of its rated power. 

Synchronous condensing is not possible without a method to dewater the ma­
chine. 
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TURBOMACHINERY CONSIDERATIONS FOR 
UNDERGROUND PUMPED HYDROELECTRIC STORAGE PLANTS (UPHS) 

S.W. Tam, A.A. Frigo and C.A. Blomquist 
Argonne National Laboratory 
Argonne, Illinois 60439 

ABSTRACT 

UPHS plant costs for plants equipped with advanced reversible pumped turbines have been 
considered. Equipment ·used includes single..-and two~stage reversi.ble pump turbines for 
operating heads from 500 to 1500 m. The effects of machinery costs, operating heads, plant 
configurations and sizes have been taken into account. The results indicate that the use of 
advanced machinery seems to push the minimum UPHS plant cost to heads greater than 1500 m. 
The employment of advanced reversible pump turbines seems to be economically attractive. It is 
shown that pump~t_urbine eff.iciencies and the so~called charge/discharge ratio are very impor­
tant design parameters for UPHS applications and the interactive effects of these parameters 
have been analysed. The results show that under certain conditions a pump-turbine option 
with· a higher charge/discharge ratio at the expense of somewhat lower operating efficiency can 
-be desirable. 

I 

1. INTRODUCTION 

The application of UPHS for electric utility peaking service is enhanced by the use of 
relatively high head (>1000 m) and large capacity (>350 MW) turbomachinery. 1

•
7 These con­

straints are presently not mutual. High-head but small capacity ( <150 MW) turbomachines 
are currently available as multistage reversible pump turbines or tandem units (Pelton-type 
waterwheel and multistage storage pump}. Large capacity Francis turbines are available for 
low head operation, e.g., 700 MW@ 87-m head. Single-stage reversible pump turbines are 
under construction for output powers of 315 MW at 625 m, and 508 MW at 384m. Recent design 
studies 2 have shown the technical feasibility of advanced machinery such as 500-MW-capacity, 
single-stage, reversible pump turbines at a 1000-m head, and two-stage, gated, reversible 
pump turbines with an operating head of 1500 m. 

The choice of turbomachinery for UPHS plants rests ultimately on economic consider­
ations. The results of preliminary cost analyses are discussed in this paper. The principal 
objective is the comparison and contrasting of the costs associated with the utilization of 
state-of-the-art pump turbines and those associated with advanced machinery. 

Recently, UPHS plant costs have been estimated. 3 The turbomachinery options chosen are 
either state-of-the-art or a slight extension of currently available technology. A total of 
seven different UPHS plant configurations was considered. The major plant characteristics 
together with the relevant c.ost information are listed in Table 1. Major conclusions are: 

(1) For a fixed plant size and type of machinery, the minimum plant cost ($/kW) 
seems to occur in the head range of 1200-1500 m. 

(2) Multistage reversible units appear to be the most economical machinery 
~ption. · 

(3) A plant capacity of 2000 MW represents the most economical plant size, when 
interest during construction and escalation are added. 

In this work, advanced turbomachinery is considered for UPHS plant configurations 
similar to those shown in Table 1, thus providing a common basis for comparison. Civil engi­
neering costs from Reference 3 (updated to Sept 78 dollars) have been utilized. The ad­
vanced machinery considered includes single-stage~ reversible pump turbines and two-stage, 
reversible pump turbines. These machines represent considerable extension to the state-of­
the-art reversible pump-turbine technology. At present.single-stage, reversible, Francis­
type pump turbines have been designed for operating heads as high as 625 m (Bajina Basta 
Station in Yugoslavia) and for power outputs up to about 500 MW (Bath County Plant in 
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Virginia, U.S.A.). Theoretically, there are no maxim~m head limitations for these types of 
machines. However, manufacturers have acted cautiously in the development of higher-head 
and power-output equipment. Increases have occurred in small increm~nts rather than in 
large jumps. At the present time, high-head technology for single-stage pump turbines for 
power applications is actually lagging that for boiler feed pumps where multistage machines 
developing heads as high as 1150 m per stage have already been built and operated. 

Preliminary engineering design and cost studies of higher-head and greater-output, 
single-stage, reversible, Francis-type p~1mp turbines (SSRPT) have been conducted by Allis­
Chalmers Hydro-Turbine Division for ANL. 2 Three separate high-head machines have been investi­
gated. The three units are designed to produce a power output of 500 MW while operating under 
heads of 500, 750, 1000'm respectively. (Table 2) 

A similar design analysis has been carried out on two-stage reversible pumrrturbines 
(TSRPT) with operating heads at 1000, 1250 and 1500 m (Table 3-). At present, there are no known 
operating gated TSRPT. Performance characteristics 2 • 4 of these pump-turbines 
have been utilized to investigate UPHS plant costs for plants equipped with such advanced 
turbomachinery. Major factors that have been considered include machinery costs, operating 
heads, plant configurations and sizes. It turns out that pump-turbin~ efficiencies as 
well as the so-called charge/discharge ratios of the machines are very important elements. 
The interacting effects of these factors will be analyzed. 

2. UPHS COST ESTIMATES 

2.1 MACHINERY COSTS 

Using the cost data from the Allis-Chalmers'study, cost functions with operating head 
as a parameter were generated for both the single- and two~stage machines. The general 
form of these functions is: cost = a(head)b, where a and b are constants. The cost data 
and functions for the single- and two-stage machines are shown in Figs. 1 and 2. Over the 
applicable head range, the data are reproduced with an error of less than 2%. These cost 
functions are used in subsequent analyses. 

Note that t~e cost per unit for both types of machines decreases as the operating head 
increases. One major reason for this result is that the machine size becomes smaller as 
operating head increases. 1

•
7 

The costs shown in Figs. 1 and 2 are Sept 78 values chosen to be consistent with costs of 
all other components (such as civil engineering costs) considered in this study. Installation 
costs of pump turbines are estimated to be 30% of the machinery cost, which is on the high 
side of such estimates. 

2.2 THE EFFECT OF PLANT CONFIGURATION 

There are two major UPHS plant configurations -- the one-drop and the two-drop schemes. 
The one-drop scheme is similar to conventional pumped hydro storage except that the lower 
reservoir is an underground cavern and the upper reservoir is at ground level. At present, 
for operating heads considered favorable for UPHS (> 1000 m), only multistage reversible 
pump turbines or tandem units can be utilized for the.one-drop scheme. 1

•
7 

The two-drop scheme has a small intermediate reservoir located halfWay between the 
upper and lower reservoirs. Two powerhouses are located near the lower and intermediate 
reservoirs, respectively. This arrangement allows the use of turbomachinery with half the 
total operating head of the UPHS plant. Single-stage reversible machines for this head 
range (500-600 m) are available. · 

Recent studies 3 have indicated that the one-drop scheme with multistage units is the 
most economical choice. A simple estimate was made to determine the 8ossible cost savings 
if two-stage gated reversible pump turbines are used for the various PHS plant configur-ations.· 
The results are listed in Table 4 and indicate that the two-stage unit becomes increasingly 
favorable when compared to multistage, single-stage (two-drop scheme), and tandem units. 
Consequently, most of the subsequent cost comparisons will be made between two-stage and 

231 



multistage reversible pump turbines. However, other turbomachinery will be considered when 
the effects of efficiency are addressed> 

2.3 THE EFFECT OF PLANT SIZE 

The C.T. Main study 3 indicated that the optimum UPHS plant capacity is approximately 
2000 MW when multistage, reversible pump turbines are installed. In order to determine if 
optimum capacity remains unchanged when two-stage machines are used, cost estimates were 
made for a one-drop UPHS plant with a 1200-m head. Both 500-MW, and 350-MW, two-stage, 
reversible'pump turbines were considered. The resultant peroentage savings in plant cost 
when compared to multistage machines are shown in Fig. 3. These savings are somewhat in­
sensitive to plant size, which means that the selection of multistage or two-stage units 
does not affect the optimal size of a UPHS plant. Subsequently, all discussions are based 
on a UPHS plant capacity of 2000 MW. 

2.4 COST ESTIMATES FOR UPHS PLANTS 

The results of the Main study 3 indicate that multistage reversible units represent 
the most promising turbomachinery option. Therefore, this machine was chosen to be com­
pared with the two-stage gated unit, which is the only·advanced category machine designed 
to operate above 1000 m. 

The cost ($/kW) for a 2000-MW UPHS plant similar to Scheme I in Table l, but employing 
four 500-MW, two-stage, reversible pump turbines as a function of operating head, is shown in 
Fig. 4. For comparison purposes, ·the plant cost 4 utilizing multistage units is also shown. 
The two-stage cost curve decreases rati1er rapidly with increasing head; however, the incre­
mental change in the cost decreases as a 1500-m head is approached. If a minimum cost 
exists, it is probably beyond a 1500-m head. 

For heads above 1000 m, the two-stage reversible pump turbine is the best choice. The 
point denoted by single-stage is the cost for a similar UPHS plant utilizing 900-m-head, 
single-stage, reversible pump turbines. The cost data shows that it is economically the 
best machine choice for operating heads less than 1000 m. Other advantages include relative 
simplicity in design and somewhat better effi.ciency than multistage or two-stage units. 
The main drawback of this machine is that the feasibility of its operation beyond 1000 m is 
currently unknown. 

2.5 THE EFFECT OF PUMP-TURBINE EFFICIENCIES 

It was shown that the direct cost in using the two-drop configuration or tandem units 
are, in general, higher than other schemes. However, the single-stage reversible pump 
turbines used in the two-drop scheme operate at a much lower head (for each drop) and, 
hence, generally have a better efficiency than two-stage or multistage machines of the same 
total capacity and total operating head. Tandem units also have a somewhat better operating 
efficiency. The product of the turbine and pump mode efficiencies ntn can be one to two 
percentage points higher than corresponding two-stage units. 1 • 4 Sincepthe expected UPHS 
plant lifetime is about 50 years, cost savings or penalties due to differences in ntnp must 
be considered in evaluating turbomachinery options. The effect will be addressed in a 
parametric manner. 

Pertinent factors that must be considered are: 

(1) types of base load plants (nuclear or coal-fired) supplying the pumping energy 
to the UPHS plant, 

(2) fuel costs for each type of baseload plant, and 

(3) number of hours of annual operation for the UPHS plant. 

The baseline UPHS plant considered has a 50-year life and a 70% overall efficiency. The 
effective UPHS plant efficiency ne is given by 

ne=0.7(1.-o). (1) 
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where 6 is a measure of the change in 
turbine and pump efficiencies, ntnp· 
the new product ntnp is related to o 

plant efficiencY due to ~ change in the product of the 
If the original efficiency product is (ntnp) 0 , then 

by ' 

1 - o = -rn_t_n-=-p-,-­
(ntnp)o -

The yearly fuel saving or penalty, A ($/kW per year), in year zero dollars was first 
calculated for various fuel costs, hours of annual operation, and relative differences in 
pump-turbine efficiencies, o. 

For these values of A, capitalized values, P ($/kWJ were calculated using 

(1 + i )n - 1 
P =A-----

i(l + i)n 

where n = plant lifetime (years) and i =escalation rate. 5 The results of this analysis 
for n = 50 and i = 0.08 are plotted in Figs. 5 to 8. 

(2) 

(3) 

Using these figures for a UPHS plant utilizing lower efficiency machinery, the follow­
ing observations are obtained: 

(1) The effective cost penalty, P, resulting from the lower pump-turbine efficiency 
is less for nuclear baseload plants than for coal-fired ones. This result is basically 
due ·to the lower nuclear-fuel cost. 

(2) The cost penalty for 6 ~ 2% and 1800 hours of annual operation is not negligible. 
Typically it is approximately 9.6 $/kW for coal and 5.5 $/kW for nuclear baseload 
plants (Figs. 5 to 8), which tends to reduce the attractiveness of advanced 
machinery. However, for moderate differences in pump-turbine efficiency, for 
typical baseload plant fuel .costs and for typical UPHS pJant utilization, this 
cost penalty is still not large enough to alter the·conclusion that two-stage 
machines offer the most CO$t effective option for headi over 1000 m (Table 4). 

(3) In situations where pumpturbine efficiency_ differences are large (c. ~ 4%),. the: 
fuel costs (.coal or nuclear) are high and the UPHS plant is extensively utilized 
(hours of annual operation >2500), the effective cost penalty, P, can be a sub-
stantial amount (Figs. 5 and 7}. · 

3 .. CHARGE/DISCHARGE RATIO 

3.1 THE EFFECTS OF CHARGE-DISCHARGE RATIO 

In designing pump turbines for pumped storage applications, machinery efficiency is an. 
important element to be considered, because of the long lifetime (~so years) of the machinery 
(see Section 2.5). However, the so-called charge/discharge ratio, r, must also be taken 
into account in pump-turbine design considerations. This factor is defined as the ratio of 
the average pumping load to the rated generation capacity. The averaging should be performed 
over the designed cyclic operating period of the pumped-storage plant. For example, plants 
can be designed to operate on a daily, weekly or even longer cycle. 

A pump turbine that has a charge/discharge ratio of close to 1 is said to have an 
electrically balanced design, and the output is roughly the same as the pumping load. On 
the other hand, a high r value (1.3 or 1.4) means the generation time, TG, is comparable to 
the pumping time, Tp· Therefore, the pump discharge rate, Op• is about the same as the 
turbine discharge rate, Or· The pump turbine is then in a hydraulically balanced mode. 

The significance of r is that the larger this ratio, the longer the available generation 
time for a given amount of pumping time. The generation time TG is related to the pumping 
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time Tp by the equation 

(4) 

Here nu is the overall UPHS plant efficiency. Average values over the charge/discharge 
cycle of the pumped-storage plant should be used. Typical values of r and the associated 
energy storage capacity (in hours) for several conventional pumped storage plants are listed 
in Table 5. Note that except for Cabin Creek all plants listed have a charge/discharge 
ratio greater than or equal to 1. For Cabin Creek if a plant efficiency of about 70% 
.(which is typical for pumped storage plants) is assumed, a pumping time of 8.9 hours is re­
quired to obtain the 5.8 hours of generation time listed in Table 5. In this case, the Tp 
required is substantially more than TG, which is reasonable if: 

(1) supplementary pumping time (i.e., time in which load demand is relatively 
low) is available and 

(2) the implied additional storage cost is acceptable. 

To illustrate these points consider a pumped storage plant that has been designed to 
supply 6 hours (TG) of peak power each weekday. Suppose the plant efficiency nu is.70% and 
that the charge/d1scharge ratio is 1 .0. From equation 4 a pumping time of 8.6 hours is 
required each weekday to supply the 6 hours of generation time required by the grid. 
Assume further that the maximum available pumping time each weekday as allowed by the grid 
is 8 hours. One way this difference can be taken up is via supplementary pumping during 
the weekend. The amount of weekend pumping required in this example is 0.6 x 5 = 3 hrs, 
which translates into additional storage of 3 x 0.7 ~:2 hours. Hence, this pumped-storage 
plant will have to have a designed storage capacity of about 8 hours instead of the 6 hours 
storage capacity that the grid actually requires. This result represents 30% more storage 
capacity with a corresponding increase in the associated storage cost. 

However, if the pump turbines used in this hypothetical storage plant have a higher 
charge/discharge ratio of 1.4 with the same operating efficiency as before then equation 4 
predicts that Tp z TG. In this case no supplementary pumping is necessary, and no addition­
al storage capacity beyond the 6 hours needed to supply the utility grid is required. This 
result represents a substantial cost reduction if the storage component is a significant 
part of the total plant cost. 

On the other hand there are some constraints on developing turbomachinery with high 
charge/discharge ratios, particularly for reversible machines. A larger r (1.5) means the 
average pumping load is equal to 1.5 times the turbine load. For a reversible machine it 
is difficult to optimize performance characteristics for both the pumping and turbining 
modes with such a significant difference in operational requirements. The necessary 
compromise generally leads to an overall lower pump-turbine efficiency. 

Furthermore, a higher r value will require a higher generator-motor rating to meet 
the higher pumping load requirement. The turbomachinery (pump turbines) wi'll have to be 
larger to handle the increased quantity of water. There will be corresponding increases in 
the size of some structures and equipment (e.g. powerhouse and cranes) to house and handle 
these larger pieces of machinery. All these factors will lead to a higher plant cost. 
Previous estimates 5 have indicated that to change the charge/discharge ratio from 1.0 to 
1.4 will add about 20% to those affected components of the plant cost (i.e. civil structures 
such as powerhouses, equipments, motor-generators and pump turbines). In addition, it may 
be necessary to add the additional (capitalized) cost due to differences in pump turbine 
efficiencies. Detailed cost differences will depend upon such things as the specific 
machinery used, powerhouse design, and plant configuration. Balanced against these con­
straints is the cost savings due to the reduction in storage costs. This cost component is 
mainly represented {particularly for UPHS plants} by the construction cost of the lower 
reservoir. 

In this section, the results of a parametric analysts of the effects of the charge/dis­
charge ratio on the trade-offs between the general i.ncrease in t~e o~lan~e-of-plant cos~ and 
the cost reduction in the storage component are presented. The 1mpl1cat1ons on the destgn 
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philosophy of high head turbomachinery for UPHS application will be considered. 

Section 3.3 is devoted to a performance analysis of single-stage reversible pump 
turbines over the head range of 500-1500 m. Actual preliminary design data will be utilized. 
fhe main focus will be on the charge/discharge ratio. Several modes of turbine operation 
will be considered. 

3.2 PARAMETRIC ANALYSIS 

In analyzing the trade-off effects discussed in the previous sections several important 
parameters need to be brought into consideration including the maximum pumping time per day, 
the generation time per day as required by the utility grid, underground cavern cost, coal 
and nuclear baseload plant fuel costs, effective UPHS plant efficiency, charge/discharge 
ratio and types of turbomachinery employed. 

Supplementary pumping during.the weekend (if required) will lead to additional storage 
requirement. The additional specific storage cost ($/kW), 6S, can be obtained from the 
following relation 

6S ($/kW) = Cu Np;r x 3600 x 5 x Qr x (rg - .arg)/plant capacity 

where 

Cu underground cavern construction cost ($/m 3
) 

Np;r = number of pump/turbines 

Or mean turbine flow rate (m 3 /sec) 

T~ daily generation time (hrs) requited 

T~ maximum daily pumping time (hrs) available 

a (charge/discharge ratio) (average plant efficiency Cnu) 

In equation 5, a 5 weekday peak generation cycle has been assumed. In the following 
analysis the baseline case consists of a UPHS plant of 2000MW capacity, operating at a 
1200-m head, with an overall plant efficiency of 70%, a charge/discharge ratio of 1 (i.e. 
an electrically balanced turbomachinery design) and 8 hours of available daily pumping 
time. The change in 6S was also calculated for a cha.rge/discharge ratio of 1.4 (i.e. a 
hydraulically balanced pump/turbine design) with the same turbine mean discharge-rate re­
quirement. 

Within this framework factors that were considered include: 

( 1 ) 

(2) 

(3) 

different grid requirements of respectively six hours, eight hours, and ten 
hours of daily generation; 

possible reduction in overall UPHS plant efficiency nu from the baseline case 
of 70% to 69% and 67%; and 

two different sets of turbomachinery--330-MW, multistage, reversible pump 
turbines (MSRPT) 3 and 500-MW, two-stage, reversible pump turbines (TSRPT): 1

• 
2 

With factor 2, the cost penalty involved for both coal and nuclear baseload plants 
has been estimated using results already obtained in Section 2.5 and Figs. 5-8. For 
factor 3, the main effect ·is on the increase in the balance-of-plant costs. A 20% in­
crease in the cost of the powerhouse, equipment shaft, and equipment such as cranes, 
motor generators and pump turbines has been considered. 5 Recent construction cost data 3 
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(updated to Sept 78.:dollars) have been utilized, and for MSRPT leads to an increase of 
about $21 .3/kW in the plant cost. For TSRPT the cost ~ncrease is about $18.6/kW. 

The results of the analysis are displayed in Figs. 9-12. Some pertine.nt observatfons are: 

(1) The variations in the balance-of-plant cost and in the capiialized cost from 
changes in plant efficiency are two important cost components when varying r values are con­
sidered. These two cost components can be comparable in magnitude for some ranges· of pumping 
energy costs, plant utilization and plant efficiency changes. (Fig. 9). 

(2) For a 6 hour generation time, the savings· from a storage cost reduction due to in­
creasing r from 1 .to 1.4 is neutralized by the increase in both the fialance-of-plant cost and 
the capitalized cost resulting from a reduction in plant efficiency. In these cases, it is 
probably not beneficial to design turbomachines for high values of r. (Fig. 9, 11). 

(3) When the generation time is 8 hours or more, an increase in r leads to cost savings 
. from reductions in storage costs that outweighs the other associated cost increases. In these 

cases r should be considered a very important design parameter. Sacrifices in efficiency 
(wi.thin reasonable limits) from increasing r may have to fie accepted. 

3.3 CHARGE/DISCHARGE RATIO FOR SSRPT 

The foregoing discussion is best illustrated with the results of the recent Allis­
Chalmers-ANL study .. 2 Using actual design data from this study for the SSRPT, the charge/ 
discharge ratio and the. ratio of generation time, Tg to pumping time, Tp has been estimated. 
Two turbining modes were selected to provide a lower and upper bound to the charge/discharge 
ratio, r, at adequate performance levels. Mode A considers maximum power generation at the 
minimum head. It provides high power generation over a relatively limited time. Mode B 
considers power generation at maximum efficiency at the minimum head. This mode provides 
longer power generation times at a reduced level. Performance characteristics for both 
modes are ·summarized in Table 6. It should be noted that the ratio T /Tp for Mode A is 
less than Mode B; which means that Mode B operation is preferable unl~ss power generation 
at an increased level over a limited time is desirable. An instructive way of looking at 
the issues is illustrated in Fig. 12, where Tg is plotted against Tp for both Mode A and B 
at a 1000-m nominal head. For a daily pumping time of say eight hours, a 30% increase in 
r (from Mode A to B) is equivalent to an almost 40% increase in the effective storage 
capacity. The high cost of the underground reservoir makes Mode B operation economically 
attractive iUustratihg the importance of a high charge/discharge rati:o in turbomachinery 
design considerations particularly when storage cost is significant. 

· 4. CONCLUSIONS 

From the results of the system studies presented, the following conclusions can be 
drawn: 

(1) The utilization of advanced turbo-machinery seems to push the minim.um UPHS plant 
cost beyond a head of 1500 m. 

(2) The percentage savings in plant costs using advanced machinery is somewhat in­
sensitive to variation in plant capacity (1300-2700 MW). 

(3) For heads at or below 1000 m, single-stage, reversible pump .turbines seem to be 
a logical choice. For heads above 1000 m, the present work. indicates that two-stage, re­
versible pump turbines represent an economically attractive option. A significant cost 
reduction results when a plant with two-stage reversible units is compared with two-drop 
configuration plants or plants equipped with tandem units. However, this cost reduction 
may be diminished when differences in pump turbine efficiencies are considered. Because 
of the long plant and machinery lifetime, seemingly .small differences in performance can 
result in nonnegligible cost penalties or benefits. 
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4. Increasing the charge/discharge ratio will r.educe the relative storage cost. This 
reduction is accompanied by increases in the balance-of-plant cost and cost penalties re­
sulting from possible reduction in turbomachinet'Y efficiency. The cost benefit wi'Jl depend 
on the amount of generation capacity required. For. large enough generation time a cost 
savings from reduction in storage cost will outweigh the other associated cost increases. 
In these cases some sacrifices in efficiency from increasing the charge/discharge ratio may 
be acceptable. Both this and other factor 3 discussed in Section 3.2 illustrate the point 
that evaluation of both capital cost and performance are essential in making a judicious 
choice of turbomachinery options for UPHS application. Maximizing operating efficiency is 
only one among several important aspects in pump/turbine selection considerations. 
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TABLE 1, UPHS Plant Configurations 

Capacity Average Gross Storage Machinery 
Schemes CMW) ' !:lead (m) (Hours) (No. of Units) 

2000 1200 10 Multistage 
(6) 

II 2000 2 X 600 10 Single-Stage 
(two-drop) (2 X 4) 

III 2000 1200 10 Tandem 
{6) 

IV 2000 1500 10 Multistage 
(6) 

v 2000 900 10 Multistage 
(6) 

VI 2700 1200 10 Multi stage 
(8) 

VII 1300 1200 '1 0 Multistage 
(4) 

* Interest during construction and escalation not included. 

TABLE 2. Single-Stage Reversible Pump-Turb~ne Characteristics 

Parameter 

Nominal Head (m) 
Rated Power (MW) 
Rotary Speed (rpm) 
Rated Pump Efficiency (%) 
Rated Turbine Efficiency (%) 
Submergence (m) 

t pm(m3Js)lJ2) 
Specific Speed a ------

. m3j4 · 

Gate Pin Circle Diameter (em} 
Runner Outside Diameter (em) 

aPump Cycle 

500 
500 

327.27 
93.2 

91.0 

75 

31.0 

680.7 

581.8 

238 

Numerical Value 

750 
500 

514.27 
92.3 

91.3 

100 

30.0 

527.3 

450.7 

Plant Cost 
($/kW in Sept 
1978 Dollars) 

362 

3.74 

394 

354 

400 

344 

398 

1000 
500 

720 
91.4 
90.7 

125 

29.2 

421.9 
370.1 



. TABLE 3. Two-Stage Reversible Pump>:Turbine Characteristics 

Parameter 

Nominal Head (m') 

Rated Power (MW) 
Rotary Speed (rpm} 
Rate9 Pump Efficiency (%} 
Rated .Turbine Efficiency (%) 
Submergence· (m) 
First Stage Head (m) 
Second Stage Head (m) 

(
rpm(m 3 /s) 1/ 2 

first Stage Spe~~ri~ Speed~ · · 
m 3/~ 

I . ' 

- (rpm(m 3 /s) 1 I 
Second Stage Specific Speed ·~-----1 

m3j4 

Gate Pin Circle Diameter (em)· 
Top-Stage Runner Outside Diameter (em) 
Bottom-Stage Runner Outside Diameter (em) 

a Pump Cycle 

1000 

500 
450 
90.6 
90.0 
75 

400 
600 

36'.1 

26.6 

519.2 
455.1-
383.0 

-Numerical Value 

1250 1250 

500 350 
600 720 
89.6 89.6 
89.5 89.6 
85 85 

500 500 
750 750 

36.3 36.4 

26.7 26.9 

435.6 363.2 
382.0 318.5 
321.6 268.0 

TABLE 4. Percentage Saving in Plant Cost When Two-Stage 
Reversible Pump Turbines Are Used Instead of 
the Turbomachinery Listed 

1500 

500 
720 
88.3 
88.4 

100 
600 
900 

34.4 

25.4 

396.2 
347.5 
292.1 

Machinery Type Savings ($/kW)a Percentage Saving (%) 

Multistage Reversible 
Pump Turbine 

Single-Stage Reversible 
Pump Turbine (Two-Drop)" 

Tandem Unit . 

al978 dollars. 

16 

28 

48 

239 

4.4 

7.5 

12.2 



--------------------------------------------------------------------------------------

TABLE 5. Charge/Discharge Ratio and ·Energy Storagea 
for Representative Pumped Storage Plants. 

f 

Charge/Discharge Energ~ Storage {hours} 
Ratio kWh/kW of Plant 

Plant (Pump Load/Plant Capacity) 
9 

Taum Sauk 1.07 7.7 

Yarks Creek 1. 30 8.8 
Middy Run 1.05 14.2 
Cabin Creek 0.93 5.8 
Seneca (Kinzua) 1. 29 11.2 
Northfi e 1 d 1. 00 8.5 
Blenheim-Gilboa 1.13 11.6 
Ludington 1. 25 9.0 
Jocassee 1.11 94.0 
Bear Swamp 1.04 5.6 
Racoon Mountain 1. 01 24.0 

a 
adapted from ''An Assessment ofEnergy Storage Systems Suitable for Use by Electric Utilities," 
Vol. III, EM-264 EPRI Project 225, ERDA (11-1)-2501, July 1976. (Ref. 6} 

TABLE 6. Some Performance Characteristics of 
Single-Stage Reversible~Pump Turbines. (Ref. 2) 

Nominal Head Capacity 
ra (m) Mode (MW) 

500 A 430 1.07 
B 325 1. 42 

750 A 475 0.96 
B 350 1. 31 

1000 A 500. 0.91 
B 365 1.24 

aCharge/Discharge Ratio. . ~. 

bGeneration Time/Pumping Time. 
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. Tg/Tpb 

0.74 
1.00 

0.65 
0.91 

0.60 
0.85 
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ASSESSMENT OF THE APPLICATION POTENTIAL 
OF THE PUMPS WITH CONTROLLED 
FLOW RATE FOR ENERGY STORAGE 

Alexander Gokhman, Nail Ozboya 
EDS Nuclear Inc. 

220 Montgomery Street 
San Francisco, CA 94104 

ABSTRACT 

The present project covers the comparison of the turbine-pumps and pumps with controlled 
flow rate with the alternative equipment for the different. areas of application. The 
analyses showed the definite advantage of these new machines for the main areas of 
application. 

INTRODUCTION 

The Turbine-Pump with Controlled,Flow Rate (TPCFR) was invented in 1975 by Dr. Alexander 
Gokhman.(1J In this machine the flow rate is regulated by means of change of the water 
passage height in both turbine and pump modes. In order to change the height of the water 
passage, TPCFR has additional adjustable hub in the runner and movable upper cover in th~ 
wicket gate. Both these additional parts can move along the axis of the machine.(2), (3) 

No other Turbine-Pump connected to a synchronous motor-generator can efficiently regulate 
the flow rate in the pump mode. Neyrpic, a leading hydraulic machinery manufacturer in 
France, made an attempt to develop a turbine-pump which would regulate the flow rate in the 
pump mode by means of a wicket gate placed between the spiral casing and runner. Such a pump 
can regulate the flow rate only by increasing the head losses significantly. Consequently, 
it has low efficiencies at flow rates smaller than the maximum flow rate. 

The effective regulation of flow rate and consequently power in the turbine mode can be 
provided only in one-stage machines. The conventional multi-stage turbine pumps cannot 
regulate power in the turbine mode. However, there is a recent development by Allis-Chalmers 
on two-stage turbine-pumps with the wicket gate in the upper stage which would allow 
regulation of power in the turbine-mode. This machine has several disadvantages. (4) 
Consequently with the modern tendency toward high-head pumped-storage plants which require 
two-stage machines only TPCFR can_provide efficient regulation of power in both turbine and 
pump modes. The ability of TPCFR to regulate flow rate in the pump mode makes it very 
attractive for pumped-storage plants and storage of energy gen~rated by solar and 
wind-electrical plants, and solar-mechanical applications. · 

In 1977, the U. S. Department of Energy funded a research project on the preliminary 
designs of one and two stage TPCFR's at University of Miami, Coral Gables, Florida. The 
prese~~)study is based on the results of that project which was successfully completed in 
1978.l The comparisons evaluated in this study are preliminary in order to justify the 
spendings of the government and private industries for experiments with model turbine-pumps 
and for conceptual design of the machine by one of the vendors. 

The detailed economical comparisons for the commercialization of TPCFR can be based only 
on the results of the experiments mentioned above and on the conceptual design. In the 
present project the authors tried to show the positive features of TPCFR by means of the 
quantitative comparison of this new machine with alternative equipment for typical conditions. 
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COMPARISON OF THE TURBINE-PUMP WITH CONTROLLED FLOW RATE WITH 
ALTERNATIVE EQUIPMENT (FOR PUMPED-STORAGE PLANTS) 

One of the possible application areas for one and two-stage TPCFR'S is pumped-storage 
lants. These pumped-storage plants may have the lower reservoirs underground or above the 

~round. The alternative machines in this case are conventional one and two-stage 
turbine-pumps, two-stage turbine-pumps with wicket gate at the upper stage (Allis-Chalmers) 
and one-stage turbine-pumps with wicket gate utilized in the pump mode (Neyrpic). 

The daily power demand graph which was chosen for the economical analysis (see Fig. 1.), 
is a hypothetical graph for a medium size system of the Northern U.S.A. with two peaks of 
power; one in the morning, and one in the evening. The maximum and minimum powers of the 
system in December and January are taken to be 4000 MW, and 1050 MW, correspondingly. The 
technical minimum of system is taken as 1500 MW. It is clear from Figure 1 that the / 
pumped-storage plant can b~ charged between hours 0:00 and 6:00 (when the demand to the , 
system is lower than the technical minimum) and that pumped-storage plant can work in the ·. 
evening peak between hours 16:30 and 19:30 augmenting the thermal plants. Consequently the 
pumped-storage plant does not only redistribute the energy within one day but also decreases { 
the installed power of the thermal-electric plants of the system. , 

I' ,(MW) 

4000 

3000 

2000 

1000 

0 2 4 6 8 10 12 14 16 18 20 22 24 t (hr) 

Fig. 1. Daily Graph of the Power Consumption of the System 

The graph of the power available for the pumped-storage plant charging, Pc= Pc(t), 
based on the daily power demand graph for December and Jan~ary, is presented on Fig. 2. The 
maximum power of this graph is 450 MN. The graph of peak power Pp= Pp(t) in which the 
pumped storage has to work is presented in Fig. 3. 

For the calculation of energy stored and produced by pumped-storage plant the maximum of 
Pc= Pc(t) is taken in June and July as 550 MW and the average maximum is as 500 MW. It 
is further assumed that the curves, Pc = Pc (t), with maximum powers of 450 MW and 550 MW 
cover 25% of the year and the curve with the maximum power of 500 MW covers 50% of the year. 
In order to simplify the calculation of the energy available for charging and the calculation 
of the guaranteed power of the pumped-storage plant during the evening peak, the graphs Pc 
= Pc (t) and Pp = Pp (t) are considered as symmetric parabolas with vertices at the . 
maximum points. Consequently the analytical representation of Pc = Pc (t) is 

249 



p c
9
max. (6t _ t2) (for 0. 0 2_ t 2_ 6 • 0) 

(1) 

where Pc max is the maximum of the curve. And the analytical representation of Pp 
Pp ( t) tor uecember and January is: . 

p = 4000 - 960•(t- 18) 2 
p . 

(for 16. 5 < t < 19. 5) (2) 

p (MW) 
p p - 4000 - 960· (t - 18) 2 

4000 

p (MW) 

600 p . 
p -~ · (6t - t 2) 

< 9 

500 

400 

3000 
300 

7.00 

100 

2000 -1----,----L---,----,----.--'----, 
15 16 17 18 19 20 t (hr) 

Fig. 2. Daily Graph of the Power Available for 
the Pumped-Storage Plant Charging 

Fig. 3. D~ily Graph of Work of the 
Pumped-Storage Plant in the Peak 

For economical comparison, two .Pumped-storage plants are considered; one equipped with 
two TPCFR's and conventional machines and the other equipped with alternative equipment. 

As given in Reference 5, the capital cost of 1 kW of installed power for Oil Steam 
Electric Power is $425 and for Pumped- Storage Plant is $150 in 1970 dollars, therefore, if 
the yearly rate of inflation is assumed to be 5%, these costs are approximately 41% higher 
in 1977 dollars, since (1 + 0.05)' = 1.407. Consequently in 1977 dollars, for thermal 
plants, the cost of 1 kW is $598 and for pumped storage plant, the cost of 1 kW is $211. 
The cost of one kW of installed power is taken to be $100 for the conventional 
turbine-pumps, and $120 for TPCFR as it was done in the Feasibility Analysis of the Final 
Report on the Preliminary Design of TPCFR.(3) 

The following rates are used for the electrical energy consumption. For the peak 
energy, the rate is 4¢/kW-hr, for the off-peak energy, the rate is 2¢/kW-hr. 

CONVENTIONAL ONE-STAGE TURBINE-PUMPS 

The following alternatives are under consideration. 

Pumped-storage plant equipped with two TPCFR's and conventional one-stage 
turbine-pumps. 
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Pumped-storage plant equipped with conventional one-stage Turbine-Pumps. 

The head of the pumped-stor.age plant is taken to be 500 m., since this head is very 
lose to the most economical head for the one-stage turbine pumps. The combined efficiency 

_f charging and discharging of the energy for both alternative plants under consideration 
ts taken as 0.80. 

a) Pumped-Storage Plant Equipped with. Two TPCFR's and Conventional Turbine-Pumps 

Since the pu~ped-storage plant can continuously regulate the flow rate, the energy 
available daily for charging according to (1) is 

6 
p 
c ~ax. (6t .- t 2)dt 

or 

pc max 6t2 t 3 6 
~= (-2 - -3-) I = 4-P 9 0 c max 

Therefore, the daily available· energy for discharging in peak is EP = Ec·n = 3.2·Pc max· 
So in December and January Ep .= 3.2•450 = ~440.0 MW-hr. 

(3) 

The installed power of the pumped-storage plant, PI, is the power of this plant working 
in December and January in the peak with available energy Ep = 1440.0 MW-hr. 

Formula (2) introduces Pp as a function of time. But one can use Stieltjes integral in 
order to find the funttion PI = PI (Ep) (See Fig. 3.), so 

J

ooo 
Ep = 2. T • dP . p 

4000 - PI 

where T = t - 18 and t < 18. 
From formuia (2) 

or 

and 

T = - 1- /400 - p 
1%0 ,p 

4000 

Ep ~ 0.06~55 • J!~OOO -Pp • dPP 
4000 - PI 

E = 0 06455 2 P 312 
p • T I 

. ~-. 
(4) 

(5) 

(6) 
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------ -------

therefore, 

(7) 

Finally the installed power 

P1 = 8.14334·(1440.0) 213 = 1038.4 MW 

Consequently the pumped-storage plant can be equipped with five machines with a power. of 
207.7 MW for each machine. Two of these machines are accepted to be TPCFR and three to be 
conventional. 

The daily energy for charging with maximums 450 MW, 500 MW and 550 MW by equation (3) are 

(Ec) 450 = 1800 MW-hr. 

(Ec) 500 = 2000 MW-hr. 

(Ec) 550 = 2200 MW-hr. 

And·therefore the total ene~gy available for charging during the year 1s 

or 

And the output of the energy in peak during one year 

b) Pumped-Storage Plant Equipped with Conventional Turbine-Pumps · 

The energy available for charging can not be completely used ·by the plant and depends · 
on the power of the smallest unit of the plant. The following cases are under 
consideration. · 

b-1) Four machines with the unit power Pu = PI/5 and eight machines· with the unit power 
llPu = P1/40. 

b-2) Four machines with the unit power pu = p /5 . I and four machines with the unit power 
llP u = P 1120. 

b-3) Four machines with the unit power Pu = pI 1,5 and two machines with the unit power . '· 

llP u = PI/10.' c~ 

b-4) Five machines with the same unit power (Pu = PI/5). 
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The charging energy by Pumped-Storage Plant with power of the smallest unit P~ can be 
Jbtained using (1). Indeed the power of the plant in pumping mode can be expressed as 

(8) 

where k is an integer, and 

pc max 
1 < .. k < k . < p . 
~ ·- max- u 

The values of time (t1)k and (t2)k corresponding to (Pc)k are obtained from (1) 

01' 

I k·liP ·9 
(t1,2)k = 3 + 19 - u 

p c max 
(9) 

Therefore the Charging Energy (See Fig. 2.) 

k max 
Ec = L liP •[(t2)k - (t1)k] 

k=1 u 

or using (9) 

k max j 
Ep = 11 • L 6 •liP . 1 

k=1 u pc max 
(10) 

·Since this plant can regulate the power in turbine mode, the re.lation between Ell = n·Ec 
and PI is the same, as for the plant equipped with TPCFR (by formula (7). It is clear 
from the formula (10) and (7) that the values of PI for cases b-1, b-2, b-3, and b-4 can 
be calculated only by means of iterations. The results of calculation of Pu and PI are 
presented in Table :l. 

TABLE 1; Insta 11 ed Power and the Power of the Smallest Unit 

Case b-1 b-2 b-3 b-4 
p (MW) u· ·. 25.2 49.2 91.7 176.5 

PI (MW) 1008.0 984.0 917.0 838.0 
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TABLE 2. Available Energy for Daily Charge and Yearly Output 

Case b-1 b-2 b-3 b-4 
(Ec) 450 (kW-hr.) 1. 721 ·106 1. 66g ·1o6 1.494 ·106 1. 304 "106 

(Ec) 500 (kW-hr.) 1. 921 ·106 1. 860 ·106 1. 747 ·106 1.397 ·106 

(Ec) 550 (kW-hr.) 2.122"106 2. 060 ·106 1. 882 ·106 1. 762 ·106 

( Ep) y (kW-hr.) 5. 619 ·108 5. 431·108 5. 015 ·108 4.278·108 

The examination of.Tables 1 and 2 shows that case b-1 gives the highest annual energy 
output and the ma~imum power substitution during the peak. The annual energy output and the 
maximum peak power substitution would be increased if a storage plant was equipped with 
machines fn case Py = PI/80. However, there is a limit on the minimum unit power after 
which it is technically impossible to utilize machines under such a head. For example, in 
order to use Pu = PI/80, one has to have a machine with Pu = 12.5 MW and with an 
approximate runner diameter of 0.9m. under .500 m. head. The production of such a machine is 
technically not feasible. · Therefore the case b-1 will be compared with the storage plant 
equipped with TPCFR's. Conservatively, the increase in the capital cost due to using eight 
small machines instead of one machine will be neglected (there is no reliable information on 
the increase of capital cost for this case). 

The increase in the capital cost of Pumped-Storage Plant, equipped with TPCFR's (case a) 
with respect to case b.1. 

The construction: 

(1038.4-1008.0)•111•103 = $3.3744•106 

The equipment: 

(2 207.7"120 + 3 207.7·100- 5 201.6•100)•103 = $11.358·106 

The decrease in the capital cost in the thermal-electric plants which are substituted by 
Pumped-Storage Plants equipped with TPCFR'S with respect to case b.1. 

(1038.4 - 1008.0)·598•103 = $18.179·106 

Therefore the gain in the capital investment for the case a in comparison with b.1 is at 
least: 

18.179•106 - (11.358·106 + 3.3744·106) = $3.4466·106 

The difference in the profits due to difference in peak and off-peak power costs, in 
the case a with respect to case b-1 

(5.84•108 - 5.61·108) kW-hr•$0.02/kW-hr = $460,000. 

This analysis shows that the pump-storage plant equipped with TPCFR'S (case a) is 
definitely more advantageous than the plant with conventional machines both from capital 
investment and annual profits point of view. In this connection, it should be noted that, 
the increase in the capital cost of plant with conventional machines was not taken into 
account when eight small machines were used. It should al~o be pointed out, that the plant 
eq.uipped with TPCFR's can maintain the frequency of the system while working in the pump 
mode and save fuel in the system in comparison with con'ventional equipment. 
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CONVENTIONAL TWO-STAGE TURBINE PUMPS 

The method of comparison with respect to operation in the pump mode is identical to the 
ethod described in Section 2.1.1. However, in the turbine mode, conventional two stage 
urbine-pumps cannot regulate the power and consequently cannot accept the fluctuations in 

the power of the system and maintain the frequency. Therefore, the frequency of the system 
has to be maintained by thermal plants which causes additional fuel losses in comparison 
with storage plants equipped with TPCFR's. 

Consequently, in the case of two-stage machines TPCFR is much more advantageous than 
the conventional machines not only in the pump mode but also in the turbine mode. 

TWO-STAGE TURBINE-PUMPS WITH WICKET GATE AT THE UPPER STAGE 

This machine is analysed in detail in reference 4. From this analysis it is clear that 
this machine does not have the main positive feature of two-stage machines which is to 
divide the total head among the stages. Consequently this machine can be considered as a 
more complicated and expensive than one-stage conventional machine without any additional 
positive features and hence, no further analy~is is riquired. 

ONE-STAGE TURBINE-PUMPS WITH WICKET GATE UTILIZED IN THE PUMP MODE 

This machine is analysed in detail in reference 3. The operation of this machine in 
the turbine-mode is identical to conventional one-stage turbine-pumps. In the pump-mode 
the flow rate is regulated only by direct losses of the head as shown in the hydraulic 
analysis mentioned above. If the machine is designed to pump the water to the upper 
reservoir height at optimum conditions, it will not be able to pump any water during 
regulation that is at loads smaller than optimum. If it is desired to pump water at 
conditions other than optimum, the machine has to be designed for larger power which will 
consequently increase the capital cost significantly. Therefore, this machine does not 
offer any advantage at all on the conventional one-stage machines, and hence, no further 
analysis is required. 

COMPARISON OF PUMP WITH CONTROLLED FLOW RATE WITH 
ALTERNATIVE EQUIPMENT 

The possible utilization areas for the pump with controlled flow rate (PCFR) are 
solar-electric power plants, solar and wind mechanical applications and irrigation and 
water supply applications. These cases will be analysed in detail in the following 
sections. The alternative equipment for these application areas are the one-stage 
conventional pumps. • 

CONVENTIONAL ONE-STAGE PUMPS FOR SOLAR-ELECTRIC POWER PLANTS 

The combinati9n)of a solar electrical plant with pumped storage forms the solar complex 
electrical plant.l6 In this arrangement, the storage plant comprises separate pumps 
working at night on off-peak energy and during the day time on solar energy and the 
turbines giving energy to the system during the peak time. 

The cost of 1 kW of power of the solar electrical plant is very high compared to the 
cost of 1 kW of pumped-storage plant. The utilization of conventional pumps in the 
pumped-storage plant will lead to inevitable losses of power during operation up to the 
capacity one unit. These losses will drastically increase the cost of 1 kW of power of the 
solar complex electrical plant. On the other hand, the utilization of the pump with 
controlled flow rate will eliminate these losses, but slightly i.ncrease the price of the 1 
kW of the pumped-storage plant still resulting in smaller cost of 1 kW of the solar complex 
electrical plant. As an illustration of the point let us consider the solar complex 
electrical plant (SCEP) participating in the electrical system of South Florida (latitude 
240N) without utilizing off-peak energy. Also let us assume that SCEP will reliably work 
in the period from March through September. Obviously the worst months for the plant are 
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March and September since the amount of solar energy received is the smallest and the 
requirement of the plant to the system is highest in these months. If we make the further 
assumptions that the plant has to work two hours during the peak time with 1109 MW and the 
ratio of sunny days in this region is 80% during these months, the energy which has to be 
produced by the solar electrical plant on a sunny day becomes 

3 E = 1109· 10 • 2 
sd 0.8·nps 

where 

nps = 0.8 is· the efficiency of the pumped-storage plant. 

Therefore 

Esd = 3.467·106 kW-hr 

The distribution of solar insolation on a sunny day in March can be introduced as a 
parabola with maximum power P0 i at noon and the smallest power of 0.6 P0i at 8.00 and 
16.00. For simplicity let us assume the efficiency of the solar electr1cal plant is 
constant. Therefore the same curve will represent the power output of the solar electrical 
p 1 ant ( see Fig. 4 .,) . 

The cost of 1 kW of solar electrical plant is approximately $2000 and the cost of 1 kW of 
the conventional pumped-storage plant equipped with pump-turbines is $211.(5), (7) Let us 
say there are five pumps with 100 MW capacities at this pumped-storage plant and the cost of 
the pump with controlled flow rate is 20% higher than the conventional pump, since the 
conventional pump does not have a distributor and the labor in the case of new pump is more 
expensive. The cost of the equipment at the pumped-storage plant can be assumed as $100/kW. 
Therefore, we can roughly say that the cost of 1 kW of the pumped-storage plant with separate 
pumps and turbines is approximately $311 ($111/kW for the construction, $100/kW for the 
turbines and $100/kW for the pumps). . . · 

Now it is possible to compare the cost of SCEP ·equipped with conventional pumps with that 
of SCEP comprising the conventional pumps and two PCFR's (two pumps of this kind can provide 
continuous regulation of power). 

a) SCEP Equipped with Conventional Pumps and Two PCFR's 

The analytical expression for the parabola ·representing the output of solar electrical 
p 1 ant is 

P = P0 ·(1 - 0.025·(t- 12)2) (11) 

where P0 is the maximum output of solar electrical plant. Consequently the total energy 
produced by the plant is 

16 
Esd = J P

0
• (1 - 0.025·(t- 12) 2)·dt ~ 6.933·P

0 
8 

Esd = 3.467·106 kW-hr 

Si nee 

P0 = 500· 103 kW 
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Fig. 4. Pumped Storage· as Energy from Solar Electric Plant. 

Now it is ·poss.ible'.to find the costs of SCEP parts, remembering that there are five 
pumps, three of them being conventional. .· 

Cost of solar electrical plant 

Cost of construction of pumped 
storage plant 

Cost of conventional pumps 

Cost of two PCFR's 

Cost 'of turbines 

soo·1o3·2ooo 
$ 1·109 

1109 ·1o3·111 
$ 0.1?31•109 

3•100·103•100 
$ o.o3o·1o9 

2•100·103•120 
$ 0.024•109 

1109 ·1o3 • ioo 
$ o.11o9 ·1o9 

Therefore the total cost of SCEP is 

c = $ 1.2880·109 

and the cost of 1 kW of power is 

k = 
1.2880·109 

1109•103 $ 1161.41 /kW 
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b) SCEP Equipped with Five Conventional Pumps 

In order to have a reliable comparison, it is necessary to 'find the optimum capacity of 
one pump unit which gives minimum P0 which is required for the same value of Esd to be 
produced by step regulation. As can be seen from Fig. 4., P0 should be larger than 5Pu, 
otherwise one unit will never work. Also the the smallest P is equal to 0.6P0 , therefore, 
only two steps are possible. As follows from the figure 4 and the formula. (11) 

where 

and 

1 - -j1-5•~p 
t1,2 - 12 + 0.025 

II - I 1-4·kp 
t2 - 12 + 0.025 

After some manipulation 

Esd = k • P • (12 65•( 11-5•k + i1-4•k ) + 24} p 0 • p p 

Now it is possible to find the value of kp which will give minimum P0 • 
rewrite ( 13) as 

Esd 
Po= F(kp) 

where 

F(k ) = k ·(12.65 • ( v'l-5 ·k + >1-4 ·k ) + 24)-p p p p 

The necessary condition for the minimum P0 is 

dP
0 ~~-"' 0 

dkp 

or from (14) 

Esd · 

F(kp) 2 

and since Esd/F(kp)2 is not zero, the condition fs 

dF(kp) = O 
dkp 
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or 

and 

(12~65·(v'l-5·kp·:'"v'l-4·kp) + 24) - k ·(31.625 1 
+ 25.3 1 ) = 0 

P 11-S·k 11-4·k . . p . . p 

12.65 (11-5·kp + 11-4·k!) + 24 

31.625 1 + 25.3 . 
11-5•k 11-4•k p p 

The method of iteration applied to (15) gives kp = 0.1877 

Therefore, from (14) P
0 

= 552.163•103 kW and Pu = 103.64•103 kW 

In this case, the costs of SCEP parts are: 

Cost of solar electrical plant = 552.163•103·2000 
= $ 1.1043·109 

Cost of construction of pumped 
storage p 1 ant = 1109•103•100 

= $ 0.1231•109 

Cost of pumps 

Cqst of turbines 

= 5 103.64·103·100 
= $ 0.05183•109 

= 1109 •103 ·100 
= $ 0.1109•109 . 

The total cost of SCEP is C = $ 1.3779·109 and the cost of 1 kW of power is 

k 1.3901"109 

1109
•
103 

= $ 1253.47/kW 

·:';·. 

( 15) 

So even in the case when PCFR is accepted to be 20% more expensive than the conventional 
machines, the utilization of this pump decreases the total cost of 1 kW by approximately 8%. 
However, from the weight comparison it is not clear PCFR is more expensive than the 
conventional machine at all. All those considerations show that PCFR is very attractive for 
solar complex electrial plants. 

The economical comparison provided above shows not only the advantages of the new pump in 
comparison to the conventional pumps but it clearly introduces the advantage of using the 
combinations of solar electrical pl~nts with pumped-storage plants. Indeed the cost of 1 kW 
of solar plant was accepted a~ $ 2000, however, in combination with pumped-storage, the cost 
of 1 kW of SCEP immediately dropped to $ 1150. 

CONVENTIONAL ONE-STAGE PUMPS FOR SOLAR AND WIND MECHANICAL APPLICATIONS 

Two general schemes can be considered for the solar and wind mechanical application. 

a) or Wind 
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In this case the pumps without ability to regulate the flow ·rate are· not directly 
applicable without significant loss of energy, since it is impossible to adjust the speed of 
the prime mover (heat engine, propeller of a wind mill) shaft with the speed of a pump shaft 
wihout additional regulating devices. Consequently, it is more advantageous to use PCFR's in 
this case. 
b) The Energy Generated by the Sun or Wind is First Converted to Electricity Via D.C. or 

A.C. Generators and then Applied to the Pumps. 

For the case in which photovoltaic cells or DC generators are used, the conventional 
pumps are more advantageous due to their simplicity and lower cost, since it is possible to 
adjust the speed of the shaft of the DC moter to the power. For the case in which AC· 
generators are used, it is more advantageous to us CPFR'S. 

CONVENTIONAL ONE-STAGE.PUMPS FOR IRRIGATION AND WATER SUPPLY .APPLICATION 

In the case of irrigation, PCFR can provide significant savings, especially if the 
irrigation of hillside fields is considered, since it can regulate the head providing the 
same flow rate for the top of the hill as well as for the foot of the hill and save water and 
energy. 

For the water supply systems without special elevated water reservoirs, the utilization 
of CPFR'S will result in considerable energy savings, since the water use demand can be 
continuously·followed. The conventional pump always exceeds the water demand unless the 
water demand is equal to sum of outputs of the pumps, therefore, causing waste of energy. 

CONCLUSIONS 

From the analysis of the application potential of the turbine-pumps and pumps with 
controlled flow rate the following conclusions have been made. 

The most attractive application of the turbine-pumps with controlled flow rate (TPCFR) is 
for high head pumped-storage plants. Two TPCFR in combination with conventional 
turbine-pumps will provide the pumped-storage plant with the ability to regulated power 
c~ntinuously and with high efficiency in both pump and turbine modes. 

The utilization of the TPCFR is definitely advantagous both from capital investment and 
annual profits point of view. 

The most attractive application of the pumps with controlled flow rate (PCFR) is in 
storage systems of solar-electric plants, etc. since these pumps can continuously 
regulate power with high efficiency. The utilization of PCFR decreases the capital cost 
of one kilowat of installed power for these plants. 

It is appropriate to begin laboratory experiments with TPCFR and PCFR and also to 
initiate the conceptual designs for these machines by one of the vendors. 

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 
machine should be no more than 1-MW. and the diameters no more than lm. These machines 
will sucessfully operate under a head around lOOm. 

REFERENCES 

1. A. Gokhman, "Multi-Stage Turbine-Pump with Governing", Patent Application No. 618 964, 
October 2, 1975. 

2 •. A. ·Gokhman, N. Ozboya, "Multi-Stage Turbine-Pump with Controlled Flow Rat~", Proceedings 
of the 1978 Mechanical and Magnetic Energy Storage Contractor's Review Meeting, U.S. 
Department of Energy, Luray, Virginia, 1978. 

260 



3. A. Gokhman, N. Ozboya, "Multi-Stage. Turbine-Pump with Controlled Flow Rate", Final Report 
for D.O.E., University of Miami, 1978. 

L A •. Gokhman, "Assessment of the App 1 i cation Potentia 1 of the Pumps with Contro 11 ed F 1 ow 
Rate for Energy Storage", Final Report for Argonne National Laboratory, #01-0720-1039, 
EDS Nuclear Inc., San Francisco, 1979. 

5. C. Braun, et al., "The Target Capital Costs for the Implementation of Fuel Cells and 
Electric Storage Devices within the National Energy System", Proceedings of Hydrogen 
Energy Short Course, Albuquerque, New Mexico, 1976. 

- 6. A. Gokhman; "Complex Solar Electric Plants of Large Capacity", _Alternative Energy 
Sources, An International Compedium, Hemisphere Publishing Corporation, Washington, 1979, 
volume 3. 

7. F. A. Blake, "Central Receiver· Solar. Thermal Power", Proceedings, Solar Technology in the 
Seventies, Winnipeg, Canada, August, 1976. 

261 





SESSION 4: SOLAR MECHANICAL ENERGY STORAGE 

263 





PROJECT SUMMARY 

>roject Title: "Mechanical Energy Storage for Photovoltaic/Wind Project" 

Principal Investigators: H. M. Dodd, B. C. Caskey, and H. E. Schildknecht 

Organization: Sandia Laboratories, Division 4716, Albuquerque, New Mexico 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 deroonstra­
tion 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~ special.study and detailed 
design study contracts (three with universities, two with 
industries) address va.rious aspects of stationary flywheel 
energy storage. These contracts are essentially complete and 
provide the basis for systems analysis that will yield a recom­
mendation on construction of a demonstration flywheel system. 

Contract Number: 

Conlr·dct Period: 

Funding Level: 

Funding Source: 

A study of industrial compressed air has been completed. It 
showed that.no compressed air storage was in place that could be 
used by industry for charging from solar sources. Also, even 
with "free" underground caverns, economics do not favor solar/ 
wind powered industrial compressed air systems before the year 
2000. I 

Initial results from a study of low head underground pumped 
hydro storage indicate that the system may have economic 
potential. 

A detailed evaluation of residential flywheel energy storage 
systems is under way. In addition to the cost and performance 
data generated from study contracts, time-of-use pricing and 
energy sell-back are included in the study. 

This project will' be transferred in its entirety to Lawrence 
Liverroore Laboratory effective October 1, 1979. 

C8-03-02-02-03 

October 1977 - September 1979 

FYi979 - $553,000 

DOE, Division of Energy Storage, Advanced Physical Methods Branch 
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SOLAR MECHANICAL ENERGY STORAGE PROGRAM 
OVERVIEW AND SYSTEMS ANALYSIS RESULTS 

B. C. Caskey 
Sandia Laboratories 

Systems Analysis Division 4716 
Albuquerque, New Mexico 87185 

ABSTRACT 

The current status of the Solar Mechanical Energy Storage Program is de­
scribed, along with the remaining activities before Lawrence Livermore Labora­
tory assumes program responsibility in October, 1979. Contractor results are 
presented in other papers; preliminary system analyses results for residential 
flywheel energy storage systems (FESS) are presented. Various phases of the 
program have addressed small-to-intermediate applications of photovoltaic/wind 
energy storage utilizing flywheels, compressed air and low head underground 
pu~ed hydro technologies. 

INTRODUCTION 

In 1977, the U.S. Department of Energy (DOE) assigned to Sandia Labora­
tories (SLA) the primary responsibility for the Mechanical Energy Storage for 
Photovoltaic/Wind program. Activities for that year included development of 
an optimizing systems analysis computer program called ENERA and subsequent 
analyses using it. Henry M. Dodd, et al., presented a paper in September 1977 
entitled "An Assessment of Mechanical Energy Storage for Solar Systems."(l) 
This paper and subsequent studies, all of which compared only the various 
mechanical storage concepts with each other, concluded that flywheel systems 
are the most promising for residential applications. Therefore, the primary 
emph~sis has been on the development of low-cost stationary flywheel technology. 
Other activities include a more detailed investigation of pneumatic-energy 
storage systems for industrial applications, low-head pumped-hydro storage, and 
continuing systems analysis efforts. The program has been described at various 
times in references 2, 3, and 4. 

To continue this work in future years, DOE has asked Lawrence Livermore 
Laboratories (LLL) to assume the responsibility for the project. Pacific 
Northwest Laboratory (PNL) will assist LLL in some areas, i.e., compressed air 
and pumped-hydro ~ctivities. 

SCOPE 

This program is concerned with mechanical-energy storage modes that may 
be used in con~unction 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 
program does not address central station applications. 

Sandia Laboratories is a US Department of Energy (DOE) facility. This work 
was supported by the Division of Energy Technology, US DOE, under Contract 
DE-AC04-76DP00789. 
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C.ONTRACTS 

During FY79, seven contractors (4 industry, 3 university or college) sup­
ported this program. All efforts are either completed or close to completion. 
I n s u b s e q u e n t p a p e r s a t t h i s . m e e t i n g , t h e r e s u 1 t s o f e a.c h c o n t r a c t w i 1 1 b e 
presented. Additionally, MIT Lincoln Laboratory's Flywheel Energy Storage 
and Conversion System project will be presented during this session as Sandia 
is the project's technical monitor. 

The seven contracts are: 

FLYWHEELS 

FESS with Photovolta~c ·Input 
FESS with Wind Turbine Supply 
Cellulosic Flywheels 
Flexible Flywheels 
Variable Inertia Flywheel 

LOW-HEAD PUMPED HYDRO 

Pumped Aquifer Storage System 

INDUSTRIAL COMPRESSED AIR 

Applications for Solar/Wind 

- Wm. M. Brobeck & Associates 
- Garrett-AiResearch 
- University of Minnesota 
- Texas A&M 
- Union College 

- The BDM Corporation 

- Jalar Associates· 

' SYSTEMS ANALYSIS 

SOLSTOR 

Improvements to the project-deve·loped ENERA code have resulted in a new 
code (SOLSTOR) which includes the following significant features: 

Time-of-day electricity pricing 

Energy sellback to the utility 

Off-peak storage charging 

Simple, nonpredictive storage utilization logic 

E~ergy flow paths for SOLSTOR when configured for a FESS and a photovol­
taic (PV) collector are shown in Fig. 1. 

Fig. 1 SOLSTOR Energy Flow Paths Example 
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Each component in SOLSTOR is characterized by a "size," an efficiency, 
and a cost. The cost includes fixed and variable terms, with the variable 
term (cost per unit of size) also allowing for possible economies of scale. 

The collector output ar:d load demand are calculated on an hourly basis 
from TMY weather data (insolation and outside air temperature). 

Economic parameters supplied to SOLSTOR include tax rates, tax credits, 
inflation rates, fuel escalation rates, the electricity sellbac~ ratio, and 
utility electric rates .. These electric rates may vary with tim~-of-day and 
with the season of the year. 

SOLSTOR performs a search over the multi-dimensional space (maximum of 
8 dimensions) to find the lowest life cycle system cost. This "optimal" con­
figuration specifies the sizes of all components. 

In order to achi~ve the be~t cost perfcirmance, all possible energy flow 
patterns are allowed. Collector energy may 1) satisfy the load, 2) charge 
storage, or 3) be sold to the utility. Storage may be charged from either 
the collector or the utility. Simple priority ·logic dictates the appropriate 
allocation of energy for each option. 

PRELIMINARY RESULTS 

Preliminary results have been obtained using SOLSTOR configured with a 
flat plate PV collector and a FESS. The· economic·assumptions used for all 
runs were: · 

System Lif'e 

Base/Price V.ear 

Initial Operation Year 

Tax Bracket 

Property Tax 

Tax Credit 

Down Payment 

Cost of Capital 

Inflation Rate 

Purchased Electricity Escalation 

20 Years 

1980 

1986 

30% 

0% 

20% 

20% 

10% 

5% 

8% & 11% 

These conditions were selected to be representative for·an individual 
homeowner. 

Some of the system assum'ptions were: i 

\ 
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ARRAY 

·FESS 

LOCATIONS 

RESIDENCE 

ELECTRICITY 
COSTS (¢/kWh) 

New York 
t 

Phoenix 

O&M 

$117/m 2 + $1047; 11% Efficiency; Flat Plate 

$748*(size in kWh)0.83 + $1500 

New York, Phoenix 

1520 ft 2 ; All Electric with Heat Pump 

PEAK:OFF PEAK 

1 : 1 3: 1 6: 1 

Summer 1 3. 9 22.8:7.6 27.3:4.55 
Winter 11.2 18.5:6.17 21.9:3.65 

..... 
Summer 5. 1 5 8.14:2.71 9.51:1.59 
Winter 4.51 7.14:2.38 8.33:1.39 

1. 5% of In1tia1 Capital 

The array costs represent DOE's 1986 goal of 50¢/Wp (1975$) converted to 
1980$ and with markups, installation, and other system costs added. 

The FESS costs were based on preliminary figures from Brobeck on produc­
tion runs of 100,000 units. The $1500 fixed cost is for site preparation 
(underground pit) and installation. An economy of scale factor was calculated 
from point designs at 10 and 50 kWh sizes. Although Brobeck presented the 
numbers as production costs (not prices), no markup was included for this pre­
liminary study. The function us·ed results in $656/kWh and $415/kWh for the 
10 and 50 kWh units, respectively . . 

The 1:1 electricity costs were provided by the utilities in New York and 
Phoenix. The 3:1 and 6:1 ratio costs were determined so that the total elec­
tric bill for a customer (without this solar/storage system) would not change. 
Off peak rates were in effect on weekends and from 9PM-9AM in summer or 
8PM-8AM in winter. 

Figure 2 displays SOLSTOR results for optimal system configurations at 
Phoenix. The life cycle cost ratio is the annualized life cycle system cost 
plus net purchased electricity divided by the a~nualized cost of purchased elec­
tricity if no system was used. It provides a me~sure of the goodness of the 
system; negative values indicate that the homeowner would make money (receive 
a check from the utility)--probably an unrealistic condition. 

LIFE CYCLE. ARRAY SIZE 

CosT RAT 10 (M2) 
FESS Sm 

(KWH) 

FESS SIZE 
(KWH) 

Ll FE CYCLE ARRAYiiZE 

CosT RATIO (M) 

""10 -(,_. : : 6: : : : __b_; 

o.oo 0.79 0.69 0.65 52. 5q. 55. 
SELLBACK 

n.7s 0. 70 n ~Q n ~1 RQ. 1<n 1~n 

RAno 
Jt;O n. ~n o.sn n ?7 n 1~; 1~0. l<n 

0. o. o. 
n n n. 

n n n. 

~ 0. 0. 

o. o. o. 

o. ~. 0. 

0.0 0.89 0.80 0.76 q3, q7' 48. 

SELLBACK 0.25 0.87 0.77 0.72 53. 59. 6q, 

RATIO 
0.50 0.78 o. 55 o,qq 150. 150. 150. 

0.75 0.52 0.22 0.09 150. 150. 150. o. o. 0. ~ 7~ n. ?4 -n.nc; -n. 1q Jt;O "~ 1~0 n n n. 

3% ELECTRICITY EscALATION 
6% ELECTRICITY EscALATION 

Fig. 2. Preliminary SOLSTOR Results for Phoenix. 
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These results show that a FESS (with the costs assumed) is not viable in 
Phoenix in 1986, although PV-only systems are attractive. The array size .was 
limited to 150m2, which completely covers the residence roof. 

Figure 3 presents SOLSTOR results for.New York. 
is available at New York, the high electricity rates 
effective, larger sy~tems when compared to Phoenix. 
combinations of time-of-day and sellback ratios. 

LIFE CYCLE 
CosT RATIO 

ARRAY SiZE 
(M2) 

~· fi· 3· fi· 

0.0 (),85 0.77 0.71 50. 55. 76. 
SELLBACK 0.25 0.81 0.65 0.58 120. 150. 150. 
RATIO 

0.50 0.62 '1.41) 1),30 150. 150 .. 150. 

0.75 0.42 0.1!1 0.00 150. 150. 150. 

3% ELECTRICITY ESCALATION 

LIFE CYCLE ARRAY SIZE 

\ CosT RAT.IO (M2) 

: 5: b: : 5· 5· 
' 

0.00 0.71 0.65 0.58 "' 138. 112. 103. 
SELLBACK 0.25 0.67 0.52 0.4i 150 150. 150. 
RATIO 0.50 0.48 0.27 0.13 150. 150. 151), 

0.75 0.28 0.01 -0.23 150. 150. 150. 

6% ELECTRI~ITY ESCALATION 

Although less insolation 
generally yield more cost 
FESSs are used .in some 

FESS SIZE 
(KWH) 

3· 6· 

0: o. 11. 
o. 0. 0. 

0. o. o. 
0. o. 24. 

FESS SizE 
(KWH) 

3~ Ei.· 

29. 20. 14. 

0. 0. 11 

o. 0. 16. 

0. o. 43. 

Fig. 3. Preliminary SOLSTOR Results for New York 

Off peak charging is evident .when FESSs are used at 6:1 time-of-day ratio, 
but not at lower ratios. 

To portray the relative amounts of energy flows in 'various paths, Fig. 4 
is presented. It represents a case (0.25 sellback, 6:1 time-of-day ratio) that 
utilizes all possible modes of operation. 

1. 5%/H LEAKAGE 

New YoRK 

~~~,~~:,:.o·~~~ '--~3.8:___--1 
6% ELECTRICITY ESCALATION 

RuN 165 720072Q-IO 

SOLSTOR ENERGY FLOW RESULTS 
(hows ARE IN MWHIY) 

3.9 

Fig. 4 SOLSTOR Energy Flow Results 
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By assuming that all energy used by the load or sold back during peak 
pricing displaces electricity generated with oil, and that all energy purchased 
off peak is generated by base plants (from coal or nuclear), the system shown 
in Fig. 4 displaces 25.5 barrels of oil each year. This number, although small 
when compared ta US daily oil imports, is significant in relation to the 
gasoline consumed by the average household. 

PRELIMINARY OBSERVATIONS 

When Brobeck FESS production costs are used as prices, reasonable economic 
and utility pricing assumptions do not favor large scale penetration of FESS 
systems in 1986. Additional locations and cost/performance data from Garrett­
A i R e sea r c h w i 11 be i n c 1 u de d i n f u t u.r e an a 1 y s e s ; the s e co u 1 d a f f e c t F E S S v i a b i 1 -
ity. Also, a comparison wi.th competitive storage schemes (batteries) is 
planned before a final .recomm~ndation is forthco~ing from Sandia on future FESS 
development. This work will be completed in September, 1979. 

SUMMARY 

The ~olar Mechanical Energy Storage Program at Sandia is drawing to a 
close. All Sandia contractors will complete their work this fiscal year; Sandia 
will assess their results and the results of in-house .analysis and provide 
recommendations to Lawrence Livermore Laboratory on future program activities. I 
Specific recommendations will be made (in September 1979) on flywheels, com-
pressed air and low head underground pumped hydro storage. Preliminary indi-
cations do not favor compressed air or flywheel systems; more work is probably 
justified on pumped hydro. 
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FLYWHEEL ENERGY STORAGE SYSTEM CONCEPT 
FOR A RESIDENTIAL PHOTOVOLTAIC SUPPLY 

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 has been developed, The basic 
design objective was 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 to a flywheel rotor·. The 
voltage level of the motor is maintained at the optimum operating voltage of the 
array of photovoltaic cells and permits peak power tracking. 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 motor satisfies 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. The need for rotary vacuum seal is eliminated by the use of a hermetically­
sealed magnetic power coupling. 

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 solar 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 appl1catior1s. 
Economic factors may favor one system in a particular application and yet another 
in a different application depending upon their performance and cost characteristics. 
However, at present accurate cost and performance characteristics do not exist for 
emerging technologies. New designs with generous margins of safety have not yet 
been demonstrated fo.r mechanical energy storage systems. A concept which could lead 
toward a practical demonstration is presented. 

This paper describes the 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 has as objectives a generous margin of safety, high reliability and efficiency 
obtained at the lowest practical cost. The design is for a stationary application, in 
which no cost premiums are allowed for minimizing size and weight. The basic design 
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objective is a system which can be economically manufactured in existing industrial 
facilities using conventional production methods. 

Attainment of.the highest practical charge/discharge efficiency is a high priority 
goal. ·This requires very careful attention to design details, as well as the selection 
of the most appropriate engineering concept. 

BACKGROUND 

The FESS for use with a small residential solar energy source was studied and 
conceptually designed under contract to Sandia Laboratories, Albuquerque, New Mexico, 
as part of a program supported by the U. s. Department of Energy, Assistant 
Secretary for Energy Technology, Division of Energy Storage Systems. Early work ( 
on this program, its goals and objectives were described at a previous review meeting. l) 
The goals have not significantly changed since that review meeting, but the conceptu~l· 
design has evolved during the course of the study as ways of improving the design 
to give greater reliability, lower losses, and lower costs were uncovered. 

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 tn 
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 percent. 
This requires that the one.-way efficiency exceed 84 percent. The rate of loss of 
stored energy due to friction and windage must not exceed 5 percent 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 pasic 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. 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 considered. 

Various flywheel configurations and material combinations have been considered 
for energy storage systems. It has been shown that high energy density is potentially 
achievable with materials possessing a high strength-to-weight 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 is unreasonable. The appropriate design 
criterion is maximum energy at minimum cost. 
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CONCEPTUAL DESIGN 

The FESS concept integrated with a residential photovoltaic (PV) supply is 
shown in Fig. 1. The FESS acts as an energy buffer between the direct current 
PV supply and the alternating current utility power source to permit an optimum 
utilization of the available solar energy. The PV supply represents a variable 
voltage de source with its voltage dependent upon its temperature and current and 
upon the solar insolation. With increasing insolation, the available PV energy·· 
will rise and may exceed the load demand of the home; excess power is then diverted 
for storage in the flywheel shown in the pit below the garage floor. This stored 
energy is subsequently recovered to supply electrical energy to the home when the 
available solar energy is inadequate to satisfy the demand. 

In addition to providing an energy storage capacity via the flywheel, the FESS 
provides the necessary energy conversions to match the requirements of the various 
portions of the integrated system. These include the conversi~ns from mechanical 
(kinetic) energy to electrical energy, from de to ac, and the tracking of optimum de 
voltages. Figure 2 shows the general flow of power and main system elements. The 
generator coupled to the flywheel provides the electrical to mechanical energy 
conversion using adjustable field current to provide control of the po~er flow. The 
generator converts mechanical energy into electrical energy to dischar.ge the flywheel 
when there is a demand for its energy or it acts as a motor to reverse the energy 
flow when there is a surplus of solar energy. 

The link shown between the solar unit, the generator, and the power conditioner 
is a de link set at the voltage which optimizes the power output of the PV cells. 
This optimum value of voltage depends upon the temperature of the PV cells and the 
solar insolation. The voltage is controlled·by tbe field excitation of tbe generator 
and. the flywheel speed. As the flywheel speed increases, the field current is reduced 
to maintain the desired voltage. The power conditioner provides the required de to ac 
conversion. · 

The flywheel/generator system is shown in Fig. 3 and 4. The main elements are the 
flywheel, motor/generator, vacuum vessel and the flywheel suspension system. The 
suspension system consists of support bearings to carrY the flywheel weight and dynamic 
loads and damper assemblies to prevent whirl instabilities. 

TEN-KWH FLYWHEEL 

The flywheel as shown in Fig. 5 is a biannulate rim supported by tension-balanced 
polar-catenary spokes which bridge the zone between the hub and the rjm. This fly­
wheel is similar to the one described at a previous review meeting.(2J For the 10-kWh 
unit, the biannulate rim, consisting of a fairly thick portion filament wound with 
E-glass/epoxy and a thin circumferential overwrap of Kevlar 49/epoxy, has an outside 
diameter of 1.267 mandan inside diameter of 1.038 m. The glass/Kevlar interface 
diameter is 1.249 m. The rim axial length is 333 mm. The relatively large amount 
of the inexpensive E-glass keeps the cost down and the high modulus:Kevlar 49 
overwrap suppresses the radial tension stresses which otherwise would occur in a 
thick rim. This design permits a high volumetric energy density as a large percent 
of the swept volume of the flywheel is occupied by highly stressed fiber-composite 
material. The rim weight is 278 kg and the total weight is 411 kg. For 10-kWh 
of available energy, the peak stored energy is 13.5 kWh at 9800 rpm, and the energy 
density is 32.8 Wh/kg. 

A 584-mm diameter hub reduces the radial space between the hub and rim to allow 
the Kevlar 29 spokes to be short enough to provide adequate rigidity to maintain hub/rim 
concentricity.· 
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The large hub is strengthened by a pre-stressed Kevlar 49 overwrap which partially 
resists the centrifugal loading on the aluminum portion. The radial stresses in the 
hub web are minimized by its conical shape. 

A high margin of safety for the rotor is provided by designing to a low stress 
level. The stresses in the fiber-composite biannulate rim are shown in Fig. 6. The 
Kevlar 49 overwrap has the higher stress primarily because it has a higher modulus 
of elasticity. 

DRIVE MOTOR 

The motor generator for converting electrical energy to flywheel·kinetic energy 
is shown in Fig. 7. The motor is a separately-excited three-phase alternator 
connected to run as a brushless de motor by using electronic commutation and a shaft 
position sensor. The design is based on reasonable modifications to an existing 
9 kVA aircraft alternator. The unit has two slip rings for field excitation current. 
An additional slip ring is shown for control of excitation current for the magnet coils 
for a synchronous magnetic coupling used to transmit power across a non-magnetic vacuum 
barrier .. This magnetic coupling and vacuum barrier are also shown in Fig. 7. The 
outer portion of the coupling is driven by the motor and holds the magnet coil 
windings. The inner portion which is attached to the flywheel via a 12.7-mm diameter 
quill shaft is driven synchronously as a salient pole machine running on reluctance 
torque. The gap between the inner and outer portion is occupied by a vacuum barrier 
shown as a "vacuum interface can." 

SUSPENSION SYSTEM 

The suspension system consists of a combination of precision ball bearings and 
a magnetic thrust bearing as shown in Fig. 8 and 9. The magnetic thrust bearing 
support 90 percent of the rotor weight and is shown as two parts in Fig. 8. The upper 
part labeled "wound lifting mag. (stationary)" is the portion that is electrically 
energized to attract the lower part labeled "lifting mag. (rotating) .N Both parts 
are silicon iron with an outside diameter of 273 mm and the gap between them is a 
nearly uniform .76 mm with very little runout. The geometry of the combined bearing 
system is designed to insure that the gap between these two parts remain constant 
even if the rotor were experiencing a small precession with nutation. 

A small amount of precessional motion is permitted by the flexibility of the 
suspension system. The upper and lower bearing supports are mounted in rubber pads 
which permit a limited amount of motion and which provide damping to prevent dynamic 
instability. The system operates above the critical speed and asynchronous whirl 
modes can be excited unless adequate damping is provided. 

CONTROL SYSTEM 

The FESS control system maintains the optimum flow of power from the PV supply 
by diverting excess power from tne PV supply to the flywheel when the available solar 
power exceed the demand of home and by taking power from· the flywheel when the demand 
is greater than that available from the PV supply. For a given insolation and 
temperature of the PV cells, there is an optimum de voltage where the maximum power 
is drawn from the PV supply. If the load demand increases above this maximum power 
output, it would cause the voltage output of the PV supply to drop excessively. 
This voltage drop will be prevented and power diverted from the flywheel if the 
output voltage of the generator is set at the optimum value. Similarly if the 
load demand decreases, the voltage of the PV supply tends to rise as the current 
falls. This rise in voltage and loss of current will also be prevented by having 
the output voltage set at the optimum value because as the PV output voltage rises, 
the generator becomes a motor and diverts power to the flywheel. 
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The FESS control system continuously monitors the de bus voltage and sets it to 
a value which maximizes the power output of the PV supply. The set point voltage is 
produced through an integrated circuit pulse width modulator that regulates the field 
current of the generator. A schematic diagram for the control system is shown in 
Fig. 10. 

The circuit for the electronic commutation of the three-phase motor is also 
shown. A three-phase waveform generator develops the control signals for the six power 
transistors which drive the motor. The developed signal is a periodic three-phase 
square wave. The frequency of operation is a direct function of the rotor speed as 
the clock signal is generated from the rotor position sensor. A unique feature is 
that the line voltage is monitored to prevent common devices from turning on si_mul­
taneou0ly. This allows the conduction angle of the waveform to appr,oach a maximum 
of 120 . 

The power transistor circuit for driving the motor is shown in Fig. 11. The 
drive electronics consists of NPN Darlington Transistors and diodes for the drive 
and generation modes. The transistors that are referenced to ground are driven 
directly through current. amplifiers while the transistors that are referenced to the 
positive bus are ariven from optical-isolators through current amplifiers. The 
optical-isolators are referenced to a voltage that is 5 Volts below the positive 
bus. This voltage is developed through an integrated circuit chopping regulator. 

EFFICIENCY AND OPTIMIZATION 

Rundown losses at 10,000 rpm are listed in Table 1. Total losses are 150 watts 
which correspond to 1.5 percent per hour. The pie graph in Fig. 12 illustrates the 
relative magnitude of the rundown losses. 

TABLE 1. Rundown Losses at 10,000 rpm 

Component Losses in Watts 

Main bearings 
Bottom damper bearings 
Magnetic coupling bearings 
Magnetic lift excitation 
Magnetic lift hysteresis 
Magnetic lift eddy current 
Oil lube pump 
Windage 

Total 

36 
2 

23 
30 
4 

20 
2 

33 

150 

Rundown losses vary with speed and will decrease· as the speed is reduced. A 
major factor in rundown losses is wi·ndage. In order to minimize this the enclorure 
is evacuated. For the windage loss in Table 1, the vacuum level is 2 x l0-7 atmospheres. 

Power conversion efficiency is a function of power level and speed. At the maximum 
power level of 5 kW, the average efficiency over the operating range is 71 percent. 
This value drops with lower power level until it reaches zero at zero power. 
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COST ESTIMATE 

TEN-KWH SYSTEM 

Layout drawings, specifications and cost estimates for a prototype and for serial 
production quantities of the 10 kWh, 5 kW flywheel energy storage system have been 
prepared based upon the developed concepts. Serial production costs are based upon 
estimates of costs for fabricating components to designs and methods of fabrication 
typical of mass-production techniques. 

In the quantity-production costs estimates the tooling costs has not been 
estimated and, in general, the material and production cost has been cased upon the 
assumption of production quantities of 100,000 sets of parts where die costs are of the 
order of a few cents per part. Then for each factor of ten reduction in quantity an 
increase of 17.6 percent in cost was assumed. This method of estimation is valid for 
three to four decades in quantity reduction out becomes unrealistic for small quantities 
where alternate methods of fabrication become dominant. 

Table 2 shows the estimated 10 kWh total system cost for various quantities of 
production. In quantities of 100,000 units per year, the total production cost is 
estimated to oe $5057 or $505 per usable kilowatt-hour stored. 

TABLE 2. Estimated 10 kWh Total System Cost 

Mechanical Controller Peak 
Quantitl Parts Power Tracker Inverter Total 

102 7085 ~36 795 8416 
103 5845 478 276a 6599 
104 4955 441 235 5631 
105 4445 412 200 5057 

aRepresents the change from a commercially purchased unit to an 
in-fiouse design. 

FIFTY-KWH SYSTEM 

In estimating the cost of the 50-kWh, 10 kW FESS, heavy dependence was placed upon 
the methods and unit costs developed for the 10-kWh storage .system. Because of the 
greater weight of materials in the larger unit, break points in material cost·occur 
for a small number of units. 

The rotor assembly proper was scaled by a factor of 50/10 for all components 
in weight and a factor of ~in all dimensions, 

Table 3 gives the estimated 50 kWh total system cost including the mechanical 
assembly, the electrical controller assembly and the synchronous inverter. In 
production quantities.of 100,000 units per year, the estimated total system cost 
is $18,561. This amounts to a $371 initial capital cost per usable kilowatt-hour 
stored for the 20-year lifetime unit. 
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TABLE 3. Estimated 50 kWh Total System Cost 

guantit~ Mechanical controller Inverter Total 

102 25,860 706 1589a . 28,155 
103 22 '340" 623 485 23,448 
104 19,560 564 411 20,535 
·105 •17 ,695 516 350 .. 18' 561 

aRepresents the change from a commercially purchased unit. to_ an in-
house design-. ,·,, ·v-" 

CON~LUS)ONS AND RECOMMENDATiONS 
·. . 

This design study indicates that a reliabl'e, efficiency flywheel energy storage 
system can be manufactured at a .reasonable _cost. · 

It is recommended that ·a prototype model be produced to demonstrate the 
viability of the concept. 
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RESIDENTIAL FLYWHEEL WITH WIND TURBINE SUPPLY 

Theodore w. Place 
AiResearch Manufacturing Company of California 

A Division of The Garrett Corporation 
Torrance, Cal·ifornia 

ABSTRACT 

A flywheel system·that stores energy from a wind turbine· source and converts the energy to 
a 60-Hz, 220-v output for residential use is described. The typical residence has a 1500-sq ft 
floor area, with a maximum power level of 5 kw. The flywheel system was defined in a study to 
determine the cost benefits of storing wind energy in a flywheel and using it on a demand basis. 
The systems and the flywheel rotor materials that offer the greatest promise in reducing initial 
costs were examined. This paper describes the progress to date on this program and the work 
planned to complete the study. 

INTRODUCTION 

A Department of Energy contract was issued through Sandia Laboratories to the AiResearch 
Manufacturing Company in August 1978 for a study to define a cost-effective mechanical energy 
storage system applicable to wind turbines. The system study has been completed and the mech­
anical energy system has been defined. The current effort entails completing a design layout 
and performing life-cycle cost analyses. 

In configurations such as American multibla·de, high-speed two-blade, or Darrieus vertical 
blade, the wind turbine converts wind to mechanical energy. This energy is usually more than 
can be utilized at one time, and is sporadic because wind varies from day to day. The flywheel 
was selected as a device that could capture the excess energy being generated and store the 
energy for a windless day (1).* 

The objective of the study was to define a system that would take the output from a wind 
turbine and convert it to household electrical power, store the excess energy, and regulate the 
wind turbine speed or the electrical frequency. The unit had to be cost-effective and competi­
tive with battery and electrical grid system storage. The study of the residential flywheel 
system has been completed and the baseline design selection has been made. The baseline system, 
the reasons for selecting certain components, .and system performance are described briefly in 
this paper. 

PROJECT GOALS 

One of the project goals was to identify a cost-effective mechanical storage device that 
would be safe and reliable for 20 years. The study constraints included a 5-kw output generator 
and a 10-kwh flywheel system; a mechanical storage system utilizing current, rather than future 
technology; and conventional manufacturing and processing methods. The study was undertaken to 
stimulate industry to produce and market a mechanical energy storage system that will produce a 
significant reduction in the use of utility power. Another goal was a low acquisition cost for 
the energy storage system that would produce a net savings in life-cycle costs. 

SYSTEM DESCRIPTION 

After evaluation of-several candidate systems, the design illustrated in Figure 1 was 
selected because of its low acquisition cost. The mechanical energy storage system selected 
for a residential application consists of five major compon~nts--a generator system, a gearbox, 

*Numbers in parentheses designate references at end of paper. 
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Fig. 1. System Description with ac Generator 
S.J5588 

a variable-speed belt transmission, a flywheel storage system, and a control system. In the 
system analysis, candidates for each of the above components were substituted into the perform­
ance and cost analysis to finalize the system. 

The mechanical'design of the system was constrained by the requirement that shaft power 
be supplied at a constant 125- or 175-rpm speed, depending on which test data were to be 
evaluated (2). The output of the system was defined by Sandia Laboratories as 5-kw, 60-Hz, 
220-v electrical supply. 

To evaluate system performance, two preselected test sites were used--one of high and one 
of low wind activity. The wind data in kilowatt hours were obtained for a typical week in 
each of the four seasons. • 

The electrical demand was calculated for an all-electric house with a floor area of 1500 
sq ft as a model for the system. The electrical demand data were then correlated with the wind 
input data for the system. 

COMPONENT DESCRIPTIONS 

The selection of the components for the ~otal syste~ ·first emphasized low acquisition cost. 
Although system performance was secondary, a minimum input/output efficiency of 70 percent was 
required. In addition, the parasitic. losses could not exceed 500 w at the 10 kw-hr storage 
level. The total unit had to be reliable and meet safety requirements. 

FLYWHEEL 

The flywheel rotor had to be defined in terms of shape, material, weight, and vacuum 
environment. The complete flywheel system includes bearings, coupling, and the structure 
housing the rotor• The variables considered in selecting the baseline flywheel system are 
discussed below. 

Flywheel Material 

The flywheel rim materials that were considered and the selected design are shown in 
Figure 2, ·which also indicates the relative costs to produce the complete rotor at a modest 
production rate of 10,000 per year. Material selection was based on the acquisition cost 
of the rotor; the lowest cost design was selected. The use of a composite material such as 
E-glass and epoxy also reduced the cost of the flywheel housing. 

Flywheel Shape 

The shapes of steel or isotropic material flywheels are limited to a solid disc, whereas 
a concentric ring design is used for the composite material flywheel. Figure 3 illustrates 
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the shape factor (K ) that is used in calculating energy density {3). The. second variable for 
consideration was t~e length-to-diameter ratio; the selected minimum diameter was 2.0 ft, and 
the selected maximum diameter was 6.0 ft. 

Vacuum 1or Flywheel 

The flywheel system windage losses will be insignificant if the cavity pressure is main­
tained between 1 and 10 microns. Figure 4 shows that the loss is insensitive to the length­
to-diameter ratio. The thermal limit is listed on the 100-micron line. Pressures higher than 
100 microns wi"ll start to deteriorate the outer fibers of the composite flywheel and eventually 
result in an unuseable flywheel. 

Flywheel Sizing 

Figure 5 shows a flywheel with an outside diameter of 60 in., a rim internal diameter of 
51 in., and a wheel made up of four segments that was recommended as a result of this study. 
The aluminum center hub is made from aluminum sheet, stamped out, and brazed into a single hub. 
The rotor weight is 710 lb, and it operates at a speed of 7110 rpm. 
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Flywheel Bearings 

Ball, roller, magnetic, and hydrostatic bearings were evaluated for performance and cost. 
The magnetic bearings were selected because of their low parasitic losses, hi~h reliability, 
and acceptable cost (4). Although the cost of the magnetic bearings was 1.5 times that of the 
roller bearings, this increase was considered acceptable because of the low dollar impact. 

Flywheel Seals 

In addition to a hermetically sealed, magnetically coupled unit, carbon and ferrofluid 
seals were considered. The magnetically coupled hermetic unit was selected because of its very 
low parasitic losses, high reliability, and acceptable cost impact. 

~wheel Structure 

The flywheel containment housing had to be sealed and evacuated to provide the required 
environment for the flywheel. The containers considered in the cost evaluation were a her­
metically sealed metal container, a metal and concrete container, and a metal container with 
earth embankment or pit. As a result of the analysis, the simple metal container was selected 
because it was the least expensive and ·would contain a composite flywheel failure. In addition, 
no other structure to dissipate torque reaction from a flywheel failure was required. 

TRANSMISSION 

The function of the transmission is to provide a variable speed input to the flywheel 
system to store or extract mechanical energy as a result of a speed change of the flywheel. 
The transmission was selected from among the candidates listed in Figure 6. Because the 
transmission is placed between the 1800-rpm gearbox and the flywheel and because the design 
horsepower is approximately 26 hp, it appeared that either the traction or the variable-pulley 
rubber belt v1ould satisfy the design. ·The relative costs listed in Figure 6 show the variable­
pulley rubber belt to be most attractive on a first-cost basis. The analysis showed that the 
belt drive with a simple shift satisfies the starting requirements of the flywheel, and meets· 
the performance and cost requirements (see Figure 7) • 
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Fig. 6. Design Rationale for Selection 
of Transmission Options 

MOTOR/GENERATOR 

RATED POWER CAPACITY, HP 
5·37689 

Fig. 7. Cost Rationale for Selection 
of Transmission Options 

The main function of the motor/generator (M/G) was to provide a nominal 220 rms (110-v, 
line-to-neutral, single-phase) at a nominal 60Hz. In the motor mode, it can be used to start 
the wind turbine, using the utility as a power source. 
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The motor/generator also could 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 continuously variable transmission must be controlled to 
provide the requirea frequency. The frequency would then be accurate enough for all household 
energy loads, except synchronous clocks. · · 

The three M/G types that are commercially available as well as technically acceptable are 
the (a) salient pole synchronous alternator; (b) squirrel cage induction alternator; and (c) 

· separately excited de generator. · 

The salient pole synchronous alternator is the most easily controlled of th~ three candi-. 
dates. With slip rings to transfer de field current to the rotor, voltage regulation can be 
readily accomplished. It cannot control sudden overloads because it will ~ose synchronism if 
pullout torque is exceeded. Amortisseur windings are required if it is to be used as a starting 
motor. 

The squirrel cage induction alternator is capable of continuous, near-synchronous operation 
despite short-term overloads. However, its efficiency is not as high as that of the synchronous 
alternator unless it is controlled to a low-slip operation.· In general, it is less stable than 
the synchronous alternator under yariable loads and operates at a lower power factor. 

The separately excited de generator is readily voltage-regulated, reasonably efficient, 
capable of absorbing overloads, and capable of wide variations in speed under loaded conditions. 
However, it must be augmented with a solid-state inverter to provide the household 60-Hz power; 
thus the beneficial operating characteristics are offset by the high cost of the required 
inverter. 

The salient pole synchronous alternator was selected as the best unit for the design. 

SELECTED DESIGN 

The selected·design for the flywheel is shown in Figure 8. By mounting the flywheel ver­
tically on a quill shaft, dynamic problems of the flywheel are eliminated. It is significant 
that the machining of the cover section is confined to the bearing area. The bottom section 
may be deep-drawn like a bathtub, with wide-open tolerances that would take advantage of con­
trolling cost through minimum machining. The generator and belt drive is mounted in a vertical 
manner to take advantage of the vertical shaft from the wind turbine supply. Excluding the cost 
of the wind turbine, the system costs are estimated at $4050 for 10,000 units per year and 
$2885 for 100,000 units per year. · 

WINDMILL 
SHAFT INPUT 

Fig. 8. Ten Kw-Hr Flywheel Energy Storage Unit 
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SYSTEM PERFORMANCE 

System input/output efficiency is 76 percent; that is, 76 percent of the captured wind 
ene~gy is delivered to the residence as electrical energy. The performance of this system 
was simulated in a computer, using the performance of the selected components. The wind data 
and electrical demand were input to the computer program. An example of the computer output 
using the Blue Hill, Massachusetts test site is as follows: 

Season 

Spring 
Summer 
Autumn 
Winter 

Residential Energy 
Demand Supplied by 

Wind, percent 

33.7 
55.7 
51.0 
58.0 

EXTRAPOLATION OF 50 KW-HR UNIT 

The 10 kw-hr unit could be easily converted to a 50 kw-hr unit by increasing the rotor 
length, and by increasing the rotor length and containment band from 8 to 40 in. No other 
changes in the flywheel storage module would be required. The generator would be increased 
from 5 to 10 kw as a study requirement. The transmission or variable-belt unit would be 
parallel to a differential gear unit that is coupled to the flywheel assembly. A cost anal­
ysis shows that while the energy storage capacity is increased by a factor of five, the cost 
is increased to only three times the baseline unit. 

SUMMARY 

The flywheel energy storage unit meets the objectives of: (1) low aquisition cost, (2) 
safety and reliability, and (3) efficiency. The flywheel energy storage unit uses existing 
technology and is conventionally manufactured. 

RECOMMENDATIONS 

The technology for developing prototype flywheels with turbine supplies is now mature 
enough to warrant fabrication of prototype units. Such development, coupled with a modest 
venture analysis, should be sufficient to encourage the industry to market these units for 
residential use. 
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PROJECT SUMMARY 

Project Title: . "Investigation of the Technical and Economic Feasibility of Using 
Pumped Well-Water Energy Storage Systems" 

Principal Investigator: Gerald E. Weinstein 

Organization: 

Project Goals: 

Project Status: 

Contract Number: 

Contract Period: 

Funding Level: 

Funding Source: . 

The BDM Corporation 
2600 Yale Blvd. S.E. 
Albuquerque, New Mexico 87106 
(505) 843-7870 

To determine the technical and economic feasibility of storing 
surplus solar and wind energy for rural applications using a 
small hydro/mechanical system that pumps water from an.aquifer to 
a surface reservoir and recovers energy by returning the water to 
the aquifer. 

An analysis of user demand, institutional and legal issues, and 
aquifer characterization has been completed. Determination of 
engineering feasibility is in progress and economic analysis will 
begin shortly. 

The user demand investigations have identified rural applications 
where the storage of surplus solar or wind energy is key to these 
energy sources meeting energy demands. This study has also 
determined generic load profiles for use with energy availability 
curves to determine storage requirements. 

The institutional and legal issues study has identified water 
rights as a real property right owned and possessed by the 
individual user in the State of New Mexico. Certain portions of 
New Mexico have been declared Underground Water· Basins within 
which the usage and storage of water is regulated. In addition, 
the Water Quality Control Commission has established regulations 
and standards for discharg~s into underground water. Review of 
all these issues has identqfied no barriers that rule out the 
development of aquifer hydro/mechanical energy storage systems. 

The aquifer characterization has identified those characteristics 
which are required for the.aquifer to perform according to 
requirements determined by the system engineering of the entire 
system. In particular, it was determined that the aquifer should 
have a hydraulic conductivity greater than 1000 gal/day-ft2. 

Engineering consid~rations in establishing technical feasibility 
include: efficiency, control systems, equipment, and sizing. 
Central to technical feasibility is the ·integration of energy 
availability and demand with off-the-shelf equipment capabilities. 
Off-the-shelf turbine/generators-pump/motors have been identified 
and control systems are being investigated. 

13-6485 

Apri 1 11, 1979 to September 30, 1979 

$41,000.00 

Sandia Laboratories, Albuquerque 
Division 2324 
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, 
FEASIBILITY STUDY OF A 

SMALL PUMPED AQUIFER STORAGE SYSTEM 
FOR SOLAR AND WIND ENERGY 

Arthur J. Mansure 
The BDM Corporation 

2600 Yale Blvd., S.E. 
Albuquerque, New Mexico 87106 

ABSTR/\CT 

The technical and economic feasib.il ity of storing surplus solar and wind energy in 
rural locations is being investigated for a small hydr;o/inechanical system that pumps water 
from a subsurface aquifer to a surface reservoir and then recovers the energy by allowing 
the water to return to the aquifer~ An analysis of rural user energy demands, institu­
tional and legal issues, and aquifer characterization-has been completed. The availability 
of equipment to operate the. system has been investigated and it has been determined, with 
the exception of specialized control equipment, that off~the-shelf equipment exists that 
meets rural installation and maintenance needs. A system design that integrates the 
components, ba~ed on energy availability and user demand, is in progress. Economic analysis 
will follow completion of the engineering study. 

INTRODUCTION 

As a result of today's increased awareness of the environment and limited natural 
resources, it has become imperative to conserve and/or better utilize the Earth's existing 
energy, especially the renewable energies -- wind and solar. One reason that these free 
forms of energy have not been exploited is the lack of economically feasible methods to 
harness and store these forms of energy so that man can use them to fit his needs. Techno­
logical discoveries are continually advancing the state of the art of extracting these 
energies (i.e., photovoltaics, solar heat collectors, wind machines, etc). However, 
without efficient storage capability, these advances are of limited usefulness. 

The concept of an aquifer based hydro/mechanical en~rgy storage system (Figure 1) may 
be one feasible solution to this dilemma: Such a storage system is .appropriate for rural 
life styles, because it uses equipment already available and maintainable in r.ural areas 
and can be incorporated into existing farm or ranch systems. In principle, it would be 
based upon equipment such as a turbine/pump that can perform multiple functions and system 
elements such as wells and reservoirs that have other farm and ranch uses. Thus, the 
storage system would be an integral part of rural life support systems and would promote a 
conservation approach to· energy usage. In addition, such a system wquld make maximum use 
of e.xisting equipment and thereby reduce costs. · 

CONCEPTUAL SYSTEM DEFINITION 

The assessment of the feasibility of any conceptual system is only as valid as the 
assumptions defining the system. This study is determining the variables that are pertinent 
to the description and operation of this storage system and evaluating the effects of 
these parameters on the technical and economic feasibility of the system. Some values 
have been assumed; some have been determined by engineering and economic data of available 
equipment; others have been determined from statistical data bases. 

A surplus of solar and wind energy is assumed. This energy will be supplied to the 
storage system in appropriate 60 Hz A.C. form. The purpose of the storage system is to 
make energy available when needed on a cost-effective basis. 
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·Fig. 1. Aquifer Hydro/Mechanical Energy Storage System 

This system is considered for the small farm, ranch, or isolated rural business. 
Power produced will be used on the premises (i.e., no power will be sold); however, the 
power system will tie in with a standard commercial power network grid. Utility power 
will be ava·ilable for emergency use and' for times when statistically unusual weather 
patterns preclude the production of surplus energy. Uti 1 i ty power will a 1 so be used to 
satisfy t.he high peak demands occurring occasionally in lieu of oversizing of the equip­
ment. This concept is felt to be more cost-effective. 

For the initial concept, it is assumed that power-requirements on the storage system 
do not exceed 5 kW peak and 60 kWh daily. Albuquerque meteorological dat~ has been used 
to characterize the solar and wind availability throughout the day. Fiv~ kW is a reasonable 
lower limit for this concept; the system could, however, be scaled up to 30 kW, at which 
point multiple wells will be required. 

LOAD DESIGN REQUIREMENTS 

This part of the study has identified electrical requirements (peak kW and total kWh 
of storage) and demand curves for rural applications including dairy, chicken (egg), and 
pig farms, as well as small beef feedlots and a store/trading post. Each of ttiese units 
included a dwelling. · · 

For all of these applications, there was found to be insignificant variation between 
summer and winter demands, as long as no significant space heating load·was considered. 
The chicken farm was determined to have a night-time load of 10 kW and a day-time load of 
27.4 kW. The other operations were determined to have night-time loads ranging from 4 to 
7 kW and day-time loads of the same range or less indicating a clear need for energy 
storage so that solar or wind energy collected during the day can be used at night: 
Figure 2 shows the power required curve for the beef feedlot ~ser, the user considered 
most representative of the group (excluding the chicken farm). 
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Fig. 2. Feedlot Power Required and Power Availability Curves 

AQUIFER REQUIREMENTS 

For an aquifer to be suitable for the hydro/mechanical energy storage system, it must 
have adequate well flow potential and be deep enough below the surface for adequate turbine 
he~d. Tbe relationship between these parameters at the system's electrical output is 
given by( 1) 

P = QH/(5300 gal-ft/min-kW) (1 ) 

where P is the power in kW, Q is the turbine flow rate in gallons per minute, and H is the 
turbine head in feet. For an assumed average well flow rate of 300 gal/min, a 5 kW 
system operating at a 70% efficiency thus requires a minimum turbine head of 126 feet. 
Because of other head losses such as draw-down/up and well-bore skin effects, the initial 
conceptual depth for a 5 kW system should be 200 feet. 

For the energy storage system to operate efficiently, the power expended against 
viscous forces in the aquifer must be small compared to the output of the system. This 
can be insured by aquifer characteristics that keep the draw-down/up a small fraction of 
the turbine head. In other words, during operation, the distance between the water level 
in the well and the potentiometric surface should be a small fraction of the distance from 
that water level to the ground surface. For example, if the draw~down/up is 15 ft. and 
the depth of the water is 200ft., then the water will have to be pumped from 215 feet and 
will give up energy to the turbine while falling to a depth of 185 feet. Thus, the ~iscous 
efficiency will be 

185 -
215- 86% 
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Maintaining draw-down/up within such limits is also important to insure the turbine/pump 
can be properly sized according to head to give maximum mechanical efficiency. 

:NGINEERING REQUIREMENTS 

The turbine/generator-pump/motor is the key to the storage system. Present state-of­
the-art equipment performs at 75% (±5%) efficiency when operated within the limits of the 
designed head and flow rates. Using the nominal efficiencies of 75% for pumping and 75% 
for power generation, it is apparent that 2 units of power input are required for each 
unit to be recovered from storage. This equipment consists of a motor located on the 
surface that is connected to a long shaft which drives the pump. The pump head is located 
at the bottom of the well and is a multi-stage vertical turbine. The whole pump assembly 
is contained in a vertical pump casing. In the recovery stage, the pump impeller would be 
driven by return flow of water and the motor would become an alternator, which is driven 
by the pump impeller. It is necessary to control the power generation with some form of a 
governor. Such a device is not commercially available at this time since this type of 
pump was not designed to be used as a turbine generator. 

Initial design considerations indicate the need for a 15 horsepower pump which would 
provide a flow rate of about 225 gallons per minute from a well 200 feet deep. This same 
flow rate must be maintained in the storage recovery cycle and would provide a recovery of 
approximately 5 kW. · 

Fundamental to system sizing is an examination of the relationship of the power 
supply and demand curves. When supply is greater than demand, the excess energy is diverted 
to storage. Conversely, when demand is greater than supply, the energy must be ·recovered 
from the storage system to make up for this deficiency. It follows then, for a plot of 
either supply or demand (where the ordinate represents kilowatts and the abscissa represents 
time of day), the area under the curve equates to the daily power produced or required, 
respectively. The area contained between the curves equals the energy stored or recovered. 
This relationship is depicted in Fig. 3. Units of they-axis are kilowatts and the x-axis 
denotes time of day starting at midnight through noon to midnight the next day. The 
supply and demand curves (represented by linear functions for simplicity) are labeled "S" 
and "D" .. The shaded area on the right represents the energy going to storage; the area on 
the left represents energy recovered from storage. The area on the right should be approxi­
mately twice as large as the area on the left since this system will recover power with a 
system efficiency of approx·imately 48%. The demand curve is established by the needs of 
the farm and i~ fixed. The supply curve, however, is elastic and can be translated verti­
cally (S') by the addition of equipment (i.e., more windmills and/or solar panels). 

KW 

M 

Fig. 3. Power Supply Versus Power Demand Relationship For an Average Day 
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Also shown on Fig. 3 is the breakeven point. A pump rated at 15 horsepower equates 
to 11.2 kW. This pump will not run on a power supply of less than 11.2 kW without damaging 
the motor. Likewise, if more power than 11.2 kW is available, the pump cannot use it to 
pump additional water. For times when the available surpl~s power is less than 11.2 kW, 
a sufficient quantity of power will be purchased from commercial sources to reach the 11..2 
kW level so that the pump may operate. Since the system operates at 48% efriciency, we 
expect to recover only 5.4 kW of energy (11.2 x 48% =· 5.4). If 5.4 kW were purchased and 
5.8 kW were produced, the system would just break even. This breakeven point is denoted 
by the vertical dashed line. Energy produced to the left of this line does not economically 
warrant storage and is wasted. Thus, proper sizing of the equipment requires balancing 
available power, demand, and minimum motor power requirements. 

INSTITUTIONAL AND LEGAL ISSUES 

In New Mexico, water rights are a real property right owned and possessed by the 
individual user. In addition, certain portions of New Mexico have been declared Under­
ground Water Basins within which the usage and storage of water is regulated. The Water 
Quality Control Commission has established regulations and standards for discharges into 
underground water. Review of all these issues has identified no barriers that prevent the 
development of aquifer hydro/mechanical energy storage systems. 

AQUIFER CHARACTERIZATION 

In addition to aquifer productivity and depth requirements, the requirement that the 
aquifer draw-down/up be limited places limits on aquifer hydraulic conductivity and thick­
ness. Aquifers can be either confined or unconfined; preliminary calculations indicate 
that, within safe yield production, differences between draw-down/up for confined and · 
unconfined aquifers are typically only a factor of 2. For this study, the aquifer type 
with the larger draw-down/up (confined aquifer) has been assumed. 

Draw-down/up is the local .fluctuation in the water table or potentiometric surface 
caused by the production or injection of the well. When a well is being produced, the 
pumping causes a local pressure reduction sufficient to set up the pressure gradient that 
causes additional water to flow into the well. Unsafe production of the well occurs when 
local depletion of water exceeds one-half the depth from the water table or potentiometric 
surface to the bottom of the aquifer. During injection (or in this study, returning the 

. water to the aquifer) the water level in the well must stand sufficiently above the water 
table or potentiometric surface to supply the necessary force to drive the water back into 
the aquifer against the viscous forces that retard flow through a porous media. 

Table 1 shows the results of quasi-steady state draw-down/up calculations. These· 
calculations assume .7 foot well radius, 1,050 ft. drainage radius, and 300 gal/min flow 
rate. The table implies the hydraulic conductivity should be greater than 3.8 x 102 gal/ 
day-ft2. 

TABLE 1. Draw-Down/Up as a Function of 
Aquifer Thickness and Hydraulic Conductivity 

K(gal/day-ft2) Thickness (ft)a 

25 75 100 200 400 

Gravel 7.2 X 1~ 3 0 0 
Coarse Sand 3.7 X 103 5 2 0 
Medium Sand 3.8 X 102 18 14 7 3 
Fine Sand 1.1 X 102 46 23 12 
Sandstone 3.0 X 101 84 42 

a Draw-down/up is left blank if safe yield conditions would be 
exceeded. 
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Time dependent constant production calculations for a medium sand aquifer 75 feet 
thick indicate the draw-down/up wiJl be 23.8 feet after 12 hours. This is considerably 
larger than the 18 feet given in Table 1 and is a result of the fact that quasi-steady 
state calculations pssume the water is derived by recharge rather than from storage. This 
significant dr~w-down/up, in a period comparable to the usage of the stored energy, indicates 
the need for detailed analysis of cyclic production (net zero water production) to determine 
if production and re~harge effects cancel, thereby, resulting in small draw-down/ups. 

Figure 4 shows the draw-down/up that.results from 6 hours of pumping followed by a 
6 hour delay before recharge, for a medium sand aquifer 100 ft. thick. The figure indicates 
that the basic draw-down/up given in Table 1 serves to bound hydraulic conductivities and 
aquifer thickness. 
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In summary, the requirements that charact~rize an aquifer suitable for use in an 
aquifer hydro/mechanical energy storage system are 

(1) Depth to water table or potentiometric surface- 200 feet minimum. 
(2) Well productivity- 200 gal/min. minimum. 
(3) Hydraulic conductivity greater than 1,000 gal/day-ft2 minimum. 

These requirements, plus considerations of institutional and legal issues, have led to the 
identification of the regions shown on Fig. 5 as the best regions in New Mexico for aquifer 
hydro/mechanical energy storage projects. 
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Industrial Compressed Air Application for Solar Energy Conversion/ 
Storage Devices. 
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JALAR ASSOCIATES 
1321 Chestnut Street 
San Francisco, CA 94123 
(415) 771-1544 

To ascertain the feasibility of utilizing solar energy devices 
and compressed air energy storage to supply power for industrial 
compressed aj r systems. · 

Contract has been completed, the final report was delivered 
July 18, 1979. 

The fulfillment of this effort entailed the performance of three 
separate tasks. The first task established a profile of installed 
industrial compressed air capacity, the characteristics of plant 
air usage, and quantified the energy required to produce ·this air. 
The results of this task provided a perspective for the potential 
energy savings that might occur from subsequent work. · 

The second task evaluated the technical feasibility of the concept 
while the third task determined the economic viability of 
specific and representative approaches. 

The primary conclusions of the study are as follows: 

1. Significant fossil energy savings could be accomplished if 
plant air could be produced from solar sources. (.2 quad­
rillion BTU's annually). 

2. The concept is technologically feasible, and enhanced, in most 
/ cases, by the use of energy storage. 

Contract Number: 

Contract Period: 

Funding Level: 

Funding Sources: 

3. The concept is not economically viable either currently or 
in the immediate future. 

4. There is a good opportunity for energy conservation in that 
90% of all air compressor energy is currently being dis­
carded as waste heat. 

07-9091 

FY '77 

$68K 

U.S. Department of Energy, Division of Energy Storage System. 
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INDUSTRIAL ·coMPRESSED AIR APPLICATIONS FOR . 
SOLAR ENERGY CONVERSIOfl/:'STORAGE DEVICES 

L. B. McEwen and J. W. Swain 

JALAR ASSOCIATES 

1321 Chestnut Street 
San Francisco, CA 94123 

ABSTRACT 

40 Denton Road 
Wellesley, MA · 02181 

Survey of Industrial Compressed Air, its uses and energy requirements. 
Investigates the feasibility of utilizing solar/wind energy conversion systems 
with or without compressed air energy storage devices to supply power for 
industrial compressed air. None of the scenarios depicted1 in the study were 
economically attractive at this time.. The main reason this conclusion was 
scaling the solar energy conversion devices to displace only ten percent of 
a plant's electrical load, thereby severely limiting the scope of potential 
savings. Technological improvements, reduction in capital costs, more rapid 
rises in utility rates or an abrogation of fossil fuel supplies would be 
necessary before further pursuit of this concept is warranted. 

INTRODUCTION 

The purpose of this contract effort, managed by Sandia Laboratories 
and funded by the Energy Storage Systems Division; u.s. Department of 
Energy, was to determine the feasibility of utilizing solar energy devices 
and compressed air energy storage to supply power for industrial compressed 
air systems. The fulfillment of this effort entailed the performance of 
three separate tasks. The first task established a profile of installed 
industrial compressed air capacity, the amount of plant air normally used, 
and the energy required .to produce this air. The results provided a 
perspective for the potential energy savings that might accrue from subse­
quent work. The second task evaluated the technical feasibility of using 
energy from solar sources to power industrial compressed air systems either 
directly or through the employment of energy conversion or storage devices. 
Should such an arrangement be technically feasible, then the purpose of 
task three was to determine the economic viability of specific and repre­
sentative approaches. 

The principal findings of ~his study were as follows: 

1. Significant energy savings could be accomplished if plant air could 
be produced from solar energy (.2 quadrillion BTU's annually). 

2. The production of plant air by means of solar energy devices with 
or without compressed air storage systems is technologically 
feasible. 
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. , . 
3. The economic viability of any such arrangement 1s not encourag1ng 

for the immediate future. This is due primarily to the limitation 
of savings to compressed air generation only (10% of industrial 
power costs) • 

4. There is a good prospect for energy conservation in that 90% of all 
air compressor energy is currently being discharged as waste heat. 

Task I, the investigation of industrial compressed air usage, centered 
on detailed observations of eighteen industries·situated throughout the 
United States. These collectively account for approximately 40% of the 
Nation's industrial energy demand. Findings regarding compressed air use 
and energy demand were then translated to the remaining industries to ascer­
tain the maximum energy savings that might be realized through the applica­
tion of solar energy to industrial air systems. 

The energy required to produce compressed air in 1976 was 0.2 quadril­
lion BTU's or 1.6 percent of total industrial energy consumption (12.6 quads). 
Installed compressed air capacity was estimated to be 50 million cubic feet 
per minute (CFM). 

Table I summarizes the expected values for plant air loads and'compressed 
air energy requirements for the eighteen industries studied. Eleven of 
these industries show a compressed air _power requirement of over 1,000 kW, 
large enough for testing. industrial-scale solar energy conversion devices. 
Compressed air storage facilities were not present in any of the industries 
studied. Some plants, however, did utilize receivers to dampen surges in 
demand, thereby reducing compressor cycling. 

Task 2 concluded that several applications of solar energy conversion 
devices were, indeed, technically compatible with industrial air compressor 
requirements. Although no attempt was made to design an ideal system, 
several promising scenarios were identified. Both photovoltaic (PV) and 
wind enerqy conversion systems (WECS) w.ere found sui table for application 
to industrial compressed air systems. Because of the relatively minor role 
which compressed air production plays in industrial energy consumption 
however, most utility-scaled solar energy conversion schemes (which tend 
to be capital intensive) were found to be not suitable for this study. 
Among the photovoltaic and wind energy conversion system approaches, flat­
plate photovoltaic arrays, and both horizontal axis and vertical axis 
wind turbine designs were found to be suitable. Adequate operating data 
appears to have been compiled on these technologies. Concentrating photo~ 
voltaic arrays also appear suitable, but were not regarded as sufficiently 
developed for consideration in this study. 

Rotary screw, reciprocating arid centrifugal air compressor designs 
were found to be suitable for generating compressed air in these applica­
tions. Rotary screw compressors were sugge.sted because of their low cost, 
low starting torque, and high ratio of output to weight. Reciprocating 
compressors were recommended due to their high efficiency and relatively 
low operating speeds for direct drive applications. Centrifugal designs 
were the most commonly employed compressors in applications of over 5,000 
cubic feet per minute (CFM). Scroll and other experimental compressors 
were not deemed suitable as they are still in the developmental stage, 
and have not been demonstrated at appropriate scales. 

Compressed air storage, although technically feasible utilizing 
either underground caverns or high-pressure vessels, was not deemed to 
be suitable for industrial compressed air applications due to unfavorable 
economics of scale. Only in the case of an existing cavern, in which the 
high initial costs of excavation might be avoided, could compressed air 
energy storage costs be brought into line for industrial compressed air 
_applications. 
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Having'established the scope of potential energy benefits of the 
concept and the technological feasibility of the approach, Task 3 then 
focused on the economic merits. In order to establish the economic 
feasibility of combining industrial scale compressed air requirements 
with solar energy sources, three different scenarios were proposed, 
depicting a range of scales and different applications of solar energy 
with compressed air energy storage. The first scenario consisted of a 
small scale energy supplement to an existing plant utilizing a photo­
voltaic power source with a small {two hour) compressed air storage system. 
The second application involved a large scale horizontal axis wind turbine 
farm supplying power for compressed air to a central facility providing 
heating, cooling and compressed air services to an industrial park. The 
last scenario involved the application of an intermediate scale vertical 
axis wind turbine supplying compressed air directly to a remote indus­
trial site situated in an undeveloped country. This application was 
designed to present the most favorable circumstances for an evaluation 
of a wind power/compressed air energy storage installation. All three 
scenarios relied on the availability of an existing cavern that was 
suitable for the particular compressed air energy storage application. 

In order to determine the value of each of the scenarios, it was 
first necessary to establish a base case cost of providing compressed 
air service to the industries involved. This was done bv annualizina 
the capital cost of a conventional compressed air system, adding the annual 
operating and maintenance and utility costs required to provide air service 
and dividing that sum by the quantity of air produced during the year. 
These calculations yielded a cost per unit quantity of air. In like manner, 
the costs of producing air utilizing first solar power, and then solar power 
with a compressed air energy storage system were calculated. Each of these 
calculations was then projected for a period of 15 years from a 1985 start 
date. These projections assumed an annual inflation rate of 8 per cent and 
an annual increase in the cost of electrical service of 13 per cent; 5 per 
cent over the assumed inflation rate. 

A summary of the results of these economic analyses is contained in 
Table II. The first scenario fails to yield attractive pay back rates 
{5 year period) from either the use of photovoltaics or photovoltaics 
with energy storage until the year 2000, or 15 years after initial opera­
tion. Again in the second scenario, in which a central facility provides 
air to an industrial park, there are no economically attractive options 
during the first five years of operation. However, beginning in 1995 
and continuing throughout the remaining life of the project, savings 
become attractive with the implementation of wind power, with or without 
energy storage. These attractive savings depend on utility charges that 
continue to escalate at an annual rate of 13 per cent. In the last 
scenario, an undeveloped site in a third world country, although energy 
storage makes the approach technically feasible, satisfactory savings 
again do not appear until 1995, or ten years after construction. 

The unattractive immediate economic findings in all three scenarios 
can be attributed to several key economic parameters. The primary con­
straint on economic benefits is the small portion of utility costs which 
are subject to savings. Only 10 per cent of utility expenses for the 
industries concerned are the result of compressed air generation. There­
fore the high capital costs required to implement any of these systems 
for use with compressed air generation can be ammortized over only a 
small portion of total utility costs. The most promising economics are 
associated with the second scenario, primarily because any electric power 
outputs from the wind energy conversion system which are in excess of 
compressed air energy requirements can displace other plant electrical 
demand. In the third scenario, the mechanical output of the WECS pre­
vents any alternative uses of output power, and mandates the inclusion 
of energy storage to even achieve technical viability. 
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In the last scenario, an evaluation was made of generating_electricity 
by means of an air-driven turbine. The inefficiency of the air turbine 
"t pressures and temperatures compatible with industrial compressed air 
.ystems, however, makes the production of electricity by means of air 

_urbines non-competitive with conventional diesel generators. Specifically, 
power from air is almost three times as expensive as from conventional 
diesel generators, even given the high fuel costs (150% of projected u.s. 
prices) used for this exercise. 

In conclusion, none of the scenarios depicted in this study, which 
utilized solar power and compressed air storage devices to supply indus­
trial air, were economically attractive. In every instance, satisfactory 
rates of return did not appear until ten.years after construction. Improve­
ments in technology, reduction in capital costs, more rapid rises in 
utility rates or an abrogation of fossil fuel supplies would be necessary 
before further pursuit of this concept is warranted. 

Table 1. Compressed 'Air Requirement Plant 
Summary 

INDUSTRY 

Aircraft Assembly 

Appliance Mfg. 

Automobile Assembly 

Automobile Mfg. 

Brewing 

Chemical Mfg. 

Construction (Indust.) 

Food Processing 

Glass Container Mfg. 

Heavy Construction (Dams) 

Heavy Electrical 

Mining (Iron) 

Oil & Gas Drilling 

Packaged Goods Mfg. 

Paperboard Mfg. 

Steel Production 

Textile Mfg. 

Tool & Die Mfg. 

AVERAGE 
PLANT AIR 
LOAD (CFM) 

7,500 

8,000 

20,000 

30,000 

6,000 

15,000 

185 

1,000· 

9,000 

5,000 

13,600 

24,000 

2,850 

1,500 

9,500 

40,000 

1,000 

60 I) 

Weighted average of sample industries 
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AVERAGE 
PLANT AIR 
REQUIRE­
MENT (kW) 

1,250 

1,300 

3,300 

5,000 

1,000 

2,700 

60 

170 

1,500 

840 

2,350 

4,000 

475 

250 

1,600 

6,500 

175 

100 

% TOTAL 
ENERGY­
CONSUMED 

3.4 

3 

4 

6 

1.5 

3 

N/A 

• 5 

3.6 

4.8 

. 75 

7.5 

.1 

2.7 

.6 

1.8 

.4 

2.9 

1. 6% 
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,Table 2. Sunnnary of Economic Analysis (K$) 

Add'l 
Capital Annual Savings 

Investment 
(1985). 

1985 1990 1995 2000 

Scenario i· 

Base C~se 452 

(PV, No Storage) 1,170 .32 59 108 200 

PV + Storage 1,340 37 68 126 231 

Scenario II 

Base Case 7,500 

Wind 19,100 llO 3,660 10,126 

Wind· + Storage 19,700 1,012 5,466 13,652 

Storage Only 600 769 1,586 

Scenario III 

Base Case 1,800-

Wind 5,600 178*. 1,200* 3,000* 

Wind + Storage 6,200 78 1,000 2,800 
' 

* Hypothetical savings, since this option was found to be technically not 
viable. 

308 



PROJECT SUMMARY 

·oject Title: "An Overview of Contracts With Colleges and Universities for 
Advanced Flywheel Concepts" 

Principal Investigator: Harold E. Schildknecht 

Organization: Sandia Laboratories, Division 2324, Albuquerque, New Mexico 87185 
FTS 475-2402 

Project Goals: To identify and develop advanced flywheel concepts that offer poten­
tial advantages over traditional approaches to flywheel energy 
storage systems. 

Project Status: A 12-month contract with the University of Minnesota to study cellu­
losic flywheels is scheduled for completion in September, 1979. A 
major portion of the work completed to date has been the design and 
fabrication of the special apparatus required to evaluate strength 
and durability of plywood test specimens and experimental hub-to­
rotor bonds. The plywood specimens are equilibrated at either ~ 12% 
or~ 0.1% moisture content and then tensile tested. Comparing the 
results shows the low moisture-content specimens to have approximate­
ly 18%·lower average tensile strength. Apparatus has also been 
designed and fabricated to facilitate bonding metallic hubs to 
plywood rotors and dynamically balancing the bonded assemblies. 

\. 

Contract Number: 

Contract Period: 

Funding Level: 

Funding Source: 

A 14-month cont.ract with Union College to study a band-type variable 
inertia flywheel (BVIF) is scheduled for completion in August, 1979. 
This concept provides a varying moment of inertia during rotation 
through the transfer of coiled flexible bands between the flywheel's 
hollow outer casing and inner hub.· The equations of motion were 
derived for two BVIF design variants and incorporated into computer 
codes. A proof-of-concept model was designed and built for 
comparing actual and computer-simulated BVIF operation. Results to 
date support the viability of the concept for specific load 
conditions. 

A 12-month contract with Texas A&M University to study a flexibl~ 
flywheel concept is scheduled for completion in September, 1979. 
Primary emphasis has been placed on developing a gimballed support 
system to suppress the flywheel's nonsynchronous whirl tendencies. 
This includes designing the system, building a small demonstration 
model, deriving the equations of motion, developing computer codes, 
and incorporating the gimbal mechanism into a medium size flexible­
flywheel test stand. Results to date indicate that a properly 
designed gimballed support system will place the whirl instability 
boundary above a reasonably high maximum working speed. · 

C8-03-02-02-3 SOL/100 

FY'79 

$106K 

U. S. Department of Energy, Division of Energy Storage Systems 
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AN OVERVIEW OF CONTRACTS WITH COLLEGES 
AND UNIVERSITIES FOR ADVANCED FLYWHEEL CONCEPTS 

Harold E. Schildknecht 
Sandia Laboratories 

Division 2324, P. 0. Box 5800 
Albuquerque, New Mexico 87185 

ABSTRACT 

The Solar Mechanical Energy Storage Project work performed under the direction of Sandia 
Laboratories includes contracts with one college and two universities for studies on advanced 
flywheel concepts. The three institutions involved and their respective advanced-concept pur­
suits are as follows: University of Minnesota, cellulosic flywheels; Union College, variable 
inertia flywneel; and Texas A&M University, flexible flywheel. The primary objectives of the 
contract with the University of Minnesota are to evaluate the physical properties of cellulos­
ic materials (primarily plywood) relative to suitability for flywheels, and to develop 
inexpensive methods of metallic-hub attachment and dynamic balancing for cellulosic flywheels. 
Of particular interest is the effect of prolonged vacuum exposure on plywood strength and 
durability. The contract with Union College is to characterize the dynamics of their proposed 
band-type variable inertia flywheel and determine if it offers potential advantages in the 
areas of economy, reliability and efficiency. The Texas A&M contract is primarily directed at 
studying the rotational characteristics of a flywheel configuration featuring flexible spokes 
and rim, with particular emphasis being placed on devising practical methods for suppressing 
undesirable whirl modes. All three of the above contracts are scheduled to be completed by 
September, 1979. 

INTRODUCTION 

In 1977, the U. S. Department of Energy (DOE, formerly ERDA) designated Sandia 
Laboratories the lead laboratory for the national Solar Mechanical Energy Storage Project. 
Shortly thereafter, a comparative-analysis was made of leading candidates for mechanical 
energy storage systems. The results showed flywheel systems to be the most promising for res­
idential applications. By virtue of that finding, major emphasis has been placed on develop­
ing low-cost flywheel technology. This is being largely accomplished through contracts with 
industrial firms, colleges, and universities. The contracts with industry are primarily to 
obtain design details and cost figures on comparatively state-of-the-art flywheel ·energy 
storage systems, whereas the eollege and university contracts are aimed specifically at 
studying advanced concepts. The three contracts placed to date for advanced flywheel studies 
are as follows: 

Cellulosic Flywheel -- University of Minnesota, Minneapolis, Minnesota 
Variable Inertia Flywheel -- Union College, Schenectady, New York 
Flexible Flywheel -- Texas·A&M University, College Station, Texas 

This paper presents the highlights of each of the above contracts. 
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CELLULOSIC FLYWHEELS, UNIVERSITY OF MINNESOTA 

BACKGROUND 

Several leading proponents of flywheel energy storage systems have recognized for some 
time the potential of wood and other natural forms of cellulose as inexpensive and renewable 
sources of material for flywheels. The moderately high strengths and low densities typical 
of natural cellulosic fibers provide specific-energy capabilities (the ratio of tensile 
strength to density) comparable to some commonly used steels. In addition, cellulosic­
materials processing has long been an established technology in this country as evidenced by 
the abundance of woodworking, plywood, composite board and paper industries. In light of 
these attributes, the use of cellulosic flywheels in energy storage systems where size and 
weight are secondary to cost is seen as potentially competitive with flywheels made from more 
traditional materials such as steel and fiber-composites.(l) 

The results from the spin-testing of experimental wood disks at the Applied Physics 
Laboratory (APL) of Johns Hopkins University suggests the feasibility of utilizing moderate 
performance wood flywheels in stationary energy storage applications.(2) These tests reveal­
ed the tendency of wood disks to fail by shredding. This implies significantly greater 
inherent safety for wood· than for steel flywheels, with the resulting need for less elaborate 
and costly failure-containment vessels. The APL experimentation also identified a need to 
develop economical and reliable methods for attaching hubs to wood flywheels. 

Preliminary research at the University of Minnesota (U of M) on flywheels in general 
culminated in a comprehensive review and bibliography on flywheel technology by Professor 
A. G. Erdman and graduate student D. L. Hagen.(3) Their study showed virtually no work being 
done outside of APL to further the development of cellulosic flywheels. As a result, they 
began an investigation into the physical properties of cellulosic materials from the stand­
point of suitability for use in flywheels. The investigation served to identify areas of 
cellulosic-materials evaluation and characterization that were inadequate and in need of 
additional research. This need and the potential benefits were brought to the attention of 
Sandia in the form of an unsolicited proposal from the U of M. 

CONTRACT ACTIVITIES 

A contract was placed with the U of M in 1978 for a study pertaining to cellulos.ic fly­
wheels. It is 12-months duration, costing $41K, with Erdman and Hagen the principal.and 
assistant investigators, respectively. The main objectives of the contract are: 

•Evaluate the physical properties of cellulosic materials relative to suitability for 
flywheels. 

•Develop inexpensive methods of metallic hub attachment and dynamic-balancing for 
cellulosic flywheels. 

What currently appears to be the most promising method for-constructing cellulosic flywheels 
is to laminate individual plywood disks into a rough cylindrical block and then turn and sand 
the block to finished dimensions. In view of plywood's apparent preeminence among competing 
forms of cellulose for flywheel use, emphasis is being placed on evaluating the physical 
properties of plywood tensile-test specimens. Of particular interest is the effect that pro­
longed vacuum exposure (i.e., such as would be experienced in an evacuated flywheel housing) 
will have on strength and long-term durability. 

A major portion of the work completed to date under the contract has been the design and 
fabrication of special .routing dies, fixtures, and grips. These items were required to form 
plywood test specimens and to adapt existing tensile and fatigue test machines for the 
evaluation of those specimens. 
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The plywood tensile and fatigue testing activity has primarily involved the measurement 
of changes in strength of the test specimens when vacuum dried from ~ 12 percent moisture 
content (representative of 50 percent ambient RH) to less than 0.1 percent. Both the tensile 
test and fatigue test machines are fitted with environmental chambers for maintaining 
humidity control during testing. The tensile-test machine has been specially equipped for 
making high resolution stress/strain and acoustic emission measurements, and for recording 
and processing the measurements data using microcomputer supplemented data-acquisition equip­
ment (Fig. 1). Statistical analysis of these data is expected to provide valuable insight 
into the relationship between load and damage rate, and thereby assist in predicting long­
term durability for plywood flywheels. 

Two existing flexural fat1gue-testers were modified into a composite machine that can 
simultaneously apply a transverse moment (represents rotor imbalance) and a cyclic torque 
(represents rotor acceleration/deceleration) to a hub/rotor interface. This machine is 
currently being used to evaluate the strength and fatigue resistance of elast6meric bonds for 
attaching metallic hubs to plywood rotors. Load cells and position transducers are utilized 
to monitor flexure-induced stress and creep in the bonds. 

The use of an elastomeric bond in the hub/rotor interface avoids .the penalty incurred by 
drilling a hole through the center of the rotor for shaft retention (~50% resultant loss in 
usable energy-storage capacity), plus assists the composite rotor/hub assembly (flywheel) to 
spin about its mass moment of inertia at speeds greater than first critical. However, 
attaching the hubs so that the shaft centerlines will be collinear with each other and the 
principal spin-axis of the rotor can be both difficult and expensive. Hence, a dynamic 
balancing machine was designed and built which is used to locate the mass moment of inertia 
of a spinning rotor. The hubs are attached after the geometrical location of the principal 
spin-axis is identified. 

a- AcousTic 
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Fig. 1. Tensile-Test Machine Schematic 

Birch was selected as the wood species 
for the plywood test specimens due to its high 
specific energy and commercial availability. 
Approximately 300 Finnish birch specimens have 
been tensile tested to date. The specimens 
were formed from 9-ply one-half inch plywood 
so that the face veneers were either parallel, 
normal, or 45'degrees to the tensile-stress· 
axis. About half were equilibrated at 50 per­
cent RH (~ 12% moisture content), while the 
balance were vacuum dried(< 0.1% moisture 
content). The vacuum dried'specimens have 
measured an average 18 percent weaker than 
their 50 percent-RH equilibrated counterparts. 
It is currently theorized that the orientation 
of the outer veneers with respect to the 
tensile-stress axis may have been a principal 
factor in the amount of strength loss. Over 
700 16-ply test specimens have been formed for 
checking that theory. 

The fatigue testing of plywood specimens 
and hub-to-rotor elastomeric bonds is in 
progress, but insufficient data has been 
acquired to date to reasonably predict 
performance trends. 

This contract is scheduled for completion 
in September, 1979. 
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'VARIABLE' INERTIA FLYWHEEL, 'UNION COLLEGE 

BACKGROUND 

The energy stored in a rotating flywheel is governed by the relation 

E = .1/2 Iw
2 

where E is kinetic energy, I is the moment of inertia of the flywheel about its spin axis, and 
w is the angular rate. Thus, for stored energy to be extracted, the rotational rate must 
decrease. However, in a typical energy storage application, the device which the storage 
medium drives is required to provide electrical power at constant frequency. An example is a 
flywheel driving an alternator. Without provisions to compensate for the·flywheel's drop in 
speed, the alte.rnator's output frequency will drop correspondingly. A corrmonly used method 
for reconciling this rotational-rate incompatibility is by adding a continuously variable 
transmission to the output shaft of the flywheel. This approach, while technically practical, 
incurs the dual penalties of additional cost and reduced efficiency for the. overall system. 

Since low cost and high efficiency are essential to the successful commercialization of 
flywheel energy storage systems, it would be desirable if a means could be devised to extract 
energy without creating the aforementioned problem of rotational-rate incompatibility. 
Re-examination of the flywheel energy equation suggests such a possibility; it is to vary the 
flywheel's moment of inertia around the axis of·rotation such as to compensate for the energy 
outflow with minimal change in rpm. Mechanisms of this type are called variable inertia 
flywheels (VIF). 

Between 1974 and 1977, while at Ohio State University, D. G. Ullman (now Dr.) was the co­
investigator in a literature search for information on mechanical VIF's.(4) The most 
interesting concept encountered was for a coiled band type VIF (BVIF). As shown in Fig. 2, 

three separate parts comprise the basic config­
uration; namely, the inner hub, hollow outer 
casing and flexible band. The hub is mounted 
in the center of the outer casing and is free 
to rotate therein within the limits allowed by 
the coiled band connecting the two parts. The 
band is similar in appearance and mounting to 
the mainspring of a clock. During flywheel 
rotation, centrifugal force causes the band to 
conform to the inside periphery of the hollow 
casing; however, if an external load is applied 
to·the inner hub, the band will begin to wrap 
around the latter part. The amount and rate of 
band transfer taking place from the casing onto 
the inner hub will depend on a variety of 
factors including band stiffness, centrifugal 
force, applied torque and the rotational-rate 
difference between the two parts. However, the 

Fux1au aAHo INNER HUB net effect is a reduction in the moment of 
inertia of the outer casing about its spin axis 
with a resulting force imbalance that favors an 

· 2 Coiled Band-T~pe Variable Inertia increase in rotational rate. This induces 
Flg. · Flywheel (BVIFJ · . greater centrifugal force on the band and, due 

to the attendant increase in the band's 
reactive-torque capacity, tends to compensate 
for the load induced slow down of the inner 
hub. 
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The relationships between .forces, applied and reactive torques, rotational rate differ­
ences and momentum represent a complex problem in dynamic balance, but one that has to be 
analyzed to adequately understand the potential of the BVIF. When his literature search 
found no evidence of these kinds of analyses, Ullman undertook the job and made it the 
subject of his doctoral dissertation.(5) In 1978, Ullman moved to Union College (UC). UC 
subsequently submitted an unsolicited proposal to Sandia for a BVIF study. 

CONTRACT ACTIVITIES 

A contract was placed with UC in 1978 for a study pertaining to a BVIF. It is 14-months 
duration, costing $25K, with Ullman the principal investigator. The objectives of the con­
tract are to characterize BVIF dynamics and to determine if the concept offers advantages in 
the areas of economy, reliability, and efficiency. This is to be accomplished through the 
following task assignments: 

• Model and analyze dynamics of basic BVIF configuration 

• Model dynamics 'of BVIF with fixed ratio power recirculation 

•Construct and test a proof-of-concept model 

The first activity after contract placement was to develop the equations of motion for the 
BVIF in its simplest form. This configuration, called Type I, is where two nested bands 
connect the outer casing and inner h~b, and the external load is applied to the latter. Thus, 
the rotational rate of the outer casing is in response to the tension in the bands. The 
equations of motion were derived and written into a computer code for dynamic simulation of 
the system. The Type I configuration appears to have no practical value for energy storage 
applications; however, understanding its dynamics was necessary before proceeding to the more 
promising Type II arrangement. 

LDAD 

t 

Fig. 3. Type II BVIF With Fixed Ratio 
Power Recirculation 

The Type II BVIF configuration (Fig. 3) is 
essentially an extension of the Type I in the 
sense that, in addition to being joined by the 
coiled bands, the outer casing and inner hub 
are connected by an integral gear set. The 
gear set is fixed ratio, meaning that the rota­
tional rates of the two parts will always be in 
constant ratio. A significant advantage of the 
Type II configuration is that band transfer is 
controlled by circulating power through two 
links rather than one. This provides greater 
design versatility and increased adaptability 
to specific load conditions. Primary emphasis 
has been placed on the analysis and testing of 
the Type II configuration. This includes the 
derivation of the highly nonlinear equations of 
motion for the fixed ratio power recirculation 
system and the incorporation of those equations 
into a computer code for dynamic simulation of 
the system. A 1·1nearized adaptation of the 
computer code was also developed which has 
proved a useful complement to its nonlinear 
counterpart. 

A more complex gearing system has also 
been considered which would utilize a planetary 
gear train. For this system, the load is 

314 



connected to the planet gear which joins, and is free to orbit around, the inner hu~ and 
outer casing gears. Since three rather than two elements of gearing determine the torque 
balance, this system is considered. to be potentially more versatile than the Type II. 
However, it has received only cursory examination under this contract. 

A proof-of-concept BVIF model was designed and fabricated which can independently 
incorporate the Type I and Type II configurations for dynamic response testing. The model 
has been of only limited usefulness through much of the program due to frequent diffic~lty 
with the bands binding in the outer casing. However, the recent addition of a band-guidance 
reel to the head of the inner hub alleviated the problem and permitted reliable data 
acquisition. 

The work of this contract is essentially complete, including the submittal of a draft 
copy of the final report. The results indicate that the Type II BVIF can be configured as a 
.relatively high density flywheel which will maintain nearly constant rotational rate under 
specific load conditions while releasing energy. This indicates a probable.efficiency advan­
tage for the device over traditional fixed-inertia flywheel designs. However, whether the 
additional advantages of economy and reliability can be achieved under penalty of the BVIF's 
greater complexity remains to be proved. 

FLEXIBLE FLYWHEEL, TEXAS A&M UNIVERSITY 

BACKGROUND 

The idea of a flywheel with flexible ring and spokes for storing kinetic energy 
originated with Dr. R. T. Schneider of the University of Florida (U of F) in 1975.(6) His 
objective was to develop an economical, reliable and safe energy storage device that would 
increase the use of solar-derived electrical power for residential and small commercial 
applications. 

A flywheel test facility was established at the U ofF in 1976. The subsequent testing 
of prototype flexible flywheels verified Dr. Schneider's prediction that the configuration 
would be self-centering and balancing. However, it also disclosed an unexpected problem with 
rotational instability. Following the discovery of the problem, Dr. J. M. Vance of U ofF, a 
~ecognized authority in rotor dynamics, joined the project. Shortly thereafter, the nature 
of the instability was identified as nonsynchronous whirl. The consensus was that internal 
damping in the flexible ring and spokes provided the driving force for the whirl. 

The fundamental flexible flywneel configuration is shown in Fig. 4. It basically 
consists of a flexible ring which is centrally suspended from an overhead shaft by means of 
equispaced support lines. The ring is made from a continuous length of .synthetic cord or 
rope that is repetitively coiled into an approximate toroidal shape of the desired size and 
weight. A moderate amount of cross-sectional support is provided by either a woven sleeve or 
a single overlay of helically wound cord. Contrary to the conventional ~fiber-composite fly­
wheel rim, the ring utilizes no bonding material, but depends on spin-induced centrifugal 
force for circumferential rigidity. 

The potential advantages of the flexible flyWheel configuration are the following: 

•The spinning ring is in pure tension, thereby loading its fibers in the direction 
(longitudinal) of maximum strength. 

• No bonding material present to create elasticity mismatch problem .. 

•Self-centering and balancing due to its flexible suspension system. 
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•Simple and economical to manufacture out of either medium or high strength synthetic 
fibers (e.g., Dacron, E-glass, S-glass, Kevlar). 

'-

• Relatively safe failure mode due to u~bonded-ring construction. 

Fig. 4. Flexible Flywheel Configuration 

The U of F submitted an unsolicited pro­
posal to Sandia in mid 1978 for a flexible 
flywheel study. Shortly thereafter, Vance 
moved to Texas A&M University (A&M) and, per 
mutual U of F/A&M agreement, the proposal was 
reassigned to the latter institution. 

CONTRACT ACTIVITIES 

A contract was placed with A&M in 1978 for 
a study pertaining to the flexible flywheel. 
It is 12-months duration, costing $40K, with 
Vance the principal investigator. The major 
objectives of the contract are as follows: 

• Study. the rotational characteri sties of 
experimental flexible flywheels. 

• Devise economi ca 1 and effective· methods 
for suppressing undesirable whirl modes. 

• Deve 1 op the conceptua 1 design of a sma 11 
size flexible flywheel energy storage_ 
system and estimate the cost. 

Since the viability of the flexible flYwheel concept hinges on finding a technically and 
economically feasible solution to the nonsynchronous whirl' problem, the contract is structured 
to emphasize that objective. 

• 
Commonly used techniques for suppressing self-excited nonsynchronous whirl in high-speed 

rotating machinery are as follows: 1) flexible bearing supports, 2) asymmetric bearing 
support stiffness, 3) bearing support damping, and 4) bearing support mass (dynamic absorber 
effect). Dr. Vance chose the fourth technique wherein the mass of the drive motor would 
serve as the dynamic absorber.(7) He proposed to accomplish this by mounting the motor verti­
cally downward in a gimballed support system (nonintersecting axes) and attaching the apex of 
the support-lines to the end of the motor shaft.- Figure 5 illustrates the basic configuration. 
A table top model was subsequently designed and built for use as a demonstrator and for con­
ducting preliminary studies on the whirl suppression effectiveness of the gimballed support 
system concept. Work was simultaneously initiated on -deriving the basic equations of motion 
for the system. -

The evaluation of the gimballed table-top model got underway in early 1979. Rotational 
stability observations were made on a 0.3 m (12 _inch) diameter, 1.2 kg (2.7. lb) Dacron wheel 
with the gimbals both locked and unlocked. The testing was con-ducted in atmospheric air. In 
the locked condition, nonsynchronous whirling developed at approximately 10.5 rad/s (100 rpm). 
With the gimbals unlocked and the adjustabl~ vertical separation between the gimbal axes at 
maximum setting, the flywheel remained .stable through 68 rad/s (650 rpm), a significant ' 
i mpro V!'!ment. 

Following the above table-top model experimentation, the regular flexible-flywheel test 
stand was modified to incorporate_a gimba~led support system. A 0.61 m (24 inch) diameter, 
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Fig. 5 .. Gimballed Support System 

8.6 kg (19 lb) Dacron flywheel was subsequently 
spun· to 209.3 rad/s (2000 rpm) with no stabili­
ty problem. It is planned that this rate be 
increased to 523.4 rad/s (5000 rpm) after 
strengthening the safety enclosure. If no 
difficulties are encountered, plans are to 
place the test stand· in an evacuated chamber 
and spin the flywheel to the maximum capacity 

· of the drive motor. 

This contract is scheduled for completion 
in September, 1979. Results to date indicate 
that gimball-supporting the flexible flywheel 
configuration will raise its instability bound­
ary ·above a reasonably high maximum working 
speed. 
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PROJECT SUMMARY 

Project Title: "A Flywheel Energy Storage and Conversion System for Photo­
voltaic Applications." 

Principal Investigator: Alan R. Millner 

Organization: 

Project Goals: 

Project Status: 

Contract Number: 

Contract Period: 

Funding Level: 

Funding Source: 

Massachusetts Institute of Technology 
Lincoln Laboratory 
Energy System Engineering Group 
P.O. Box 73 
Lexington, Massachusetts 02173 
617-862-5500 

To develop a flywheel system to store electrical output from a 
photovoltaic array and convert it to regulated 60 Hz AC for use 
in residences or load centers, and to analyze its performance, 
worth, and cost. 

\ 

Scaling laws have been developed for a baseline design residential 
scale system .. From the~e a subscale model has been designed, and 
parts are now 75% fabricated. These include a steel rotor, 
magnetic bearings, ironless armature motor generator, vacuum and 
containment housing, and electronics. System testing,will begin 
in November 1979. 

System analysis has produced an.energy budget for the system 
and an advance in the treatment of whirl modes of such a system. 

Economic analysis of the system for residential and load center 
sizes is. divided into user worth analysis and manufacturing cost 
studies. User worth analysis is nearly complete, while cost 
studies are now under way. 

EY-76-C-02-4094-A002 

FY'79 

$560K 

·u.s. Department of Energy jointly by Division of Energy Storage 
Systems and Division of Distributed Solar Technology. 
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Cb0-4094-57 

. A FLYWHEEL ENERGY STORAGE AND CONVERSION SYSTEM FOR PHOTOVOLTAIC APPLIGATIONS*+ 

Alan R. Millner 
MIT Lincoln Laboratory 

P. 0. Box 73 
Lexington, Massachusetts 02173 

ABSTRACT 

Progress is described on a project-to develop a flywheel energy storage unit for use 
with photovoltaics in residential or load center applications. The unit employs a high­
efficiency permanent-magnet motor-generator and cycloconverter electronics to convert DC 
input to regulated AC output. It also tracks the maximum-power operating point of the 
solar array. Magnetic bearings are used to support the motor. 

The project includes fabrication of a scale model unit, scaling laws for residential and 
intermediate load center sizes, and worth and cost estimation. Fabrication of a subscale 
model is 75% complete. Scaling laws have been developed for components and user worth studies 
performed for this unit; manufacturing cost studies are in progress. 

INTRODUCTION 

Over the past year MIT/Lincoln Laboratory has been working on a flywheel interface and 
storage technology (FIST) project to develop a system with the following major components: 

Magnetic bearings 
Motor generator 
Low cost rotor (not part of the ·project) 
Power conditioning electronics 
Vacuum housing. 

This unit is intended to be a complete interface between a solar photovoltaic (PV) array and 
an AC load. Applications include a single residence and a 100-kW load center as point designs, 
with emphasjs on the residence as the first and smallest use. The project includes three 
major tasks ll ) . 

1) To develop scaling ·laws for designs of a residential and 100-kW 
load center system. 

2) To build a scale model working system. 

3) To estimate cost and worth to potential· users of a residential 
and a 100-kW load center system. 

*This work was sponsored by the U.S. Dept. of Energy. 

+Progress Report For the Mechanical and Magnetic Energy Storage Annual Review, 19-22 August 
1979, Washington, DC. 
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I 

The system concept is shown in an artist's. sketch in Fig. 1. Design trade-offs showed 
advantages of a simple rotor interface with a·lightweight, inexpensive supporting structure 
in the choice of bearings above and rotor below. The key system elements are shown in the 
design layout illustrated-in Fig. 2.(2) Magnetic -bearings are at the top, motor-generator 
below them, and the flywheel rotor attached by~ quill shaft.· · 

Fig. 1. Residential System Concept 

Fig. 2. Subscale System Design Layout 

.321 



Scaling laws have been derived and will be reported soon. Major conclusio·ns are that the 
motor-generator and flywh~el rotor lCale upward with constant shape factor and charge~discharge 
rate. Scale of the magnetic bearings is slightly different, with the permanent-magnet size 
growing slowly in relation to the rotor size up to the residential scale. Above this size an 
electromagnet design should replace the permanent magnet because the resistive losses for a 
load center application are negligible. At a still larger scale, a combined bearing and motor­
generator without permanent magnets becomes feasible but has not been designed in detail. 
Scaling of system parameters is given in Table l, while component scaling is given in Table 2. 

TABLE 1. Flywheel System Parameters 

40-kWh 500-kWh 
Parameters Units Subscale Residence Load Center 

Energy stored kWh 1 to 4 40 500 
Energy available kWh .6 to 2.5 25 325 
Power input kW 0.50 8 100 
Power output kW .625 10 100 
Input voltage max. volts DC 400 400 800 
Input current max. amps. DC 2.5 40 260 
Output voltage RMS volts AC 110 220 c.t. 440 
Max. output current FMS amps. per phase 5.6 45 130 
Phases NO. 1 1 3 

TABLE 2. Component Point Designs 

Prototl~e Residence Load Ceriter 

Rotor 
weight, 1 b. 500 4000 500,000 
diameter, in. 20 36 84 
1 ength, in. 20 36 84 
max. speed, KRPM 15 15 6.5 

Motor /Genera tor 
peak power, kW. .625 10 100 
avg. power, kW. .500 8 100 
diameter, in. 8 16 34 
magnet weight, 1 bs. 1.1 8.7 108 

Magnetic bearing-6 per system 
diameter, in. 3.2 9 32 
gap, mils 18 30 57 

Nominal dissipation, watts 
perm. magnet design 4 4 4 
electromagnet design 300 300 300 
50/50 design 72 72 72 

PM design 
magnet weight, 1 bs. .72 9.6 228 

Electronics 
crossover frequency wcHz 30 23 16 
max. switching freq, kHz 1.25 1.25 .54 
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User worth studies are nearly complete for both sizes and will be reported at a future 
date. Major results are as follows: 

1) Optimum flywheel usable storage capacity in stand-alone systems for. 
a given so;ar array size. is approximately 2 to 4 hours times the 
array peak rating (energy capacity measured at the system output). 
As the price of diesel fuel rises, the optimum-size of both array 
and flywheel increases. 

2) Storage is desirable at a utility-interactive site only if less than 50% 
buy-back rates are available on a flat-rate basis. Time-of-use pricing 
modifies this conclusion. 

3) Choice of a stand-alone with diesel backup and storage or a utility­
interactive.system design without storage is determined by distance 
from the electric utility, with the cost of interconnection exceeding 
the benefits between 5 and 15 miles distance, depending on cost ·.~ 
assumptions. 

. 
Manufacturing cost studies are now being conducted. 

The subscale system rotating hardware is shown in Fig. 2. The status of each component 
is described below: 

1) Rotor and containment system: no bids were received for a test. (steel) 
rotor and containment system, so an in-house design has been completed 
and is now in fabrication. This resulted in a two-month project 
schedule slip, reported previously. The design will be available to 
other experimenters. 

2) Magnetic bearings have been fabricated. An error in the numerical 
analysis resulted in a design with excessive leakage and resulting low 
lifting force. Adjustment of magnetic air gap and reduction of total 
rotor weight from 500 to 390 pounds has been chosen to permit system 
testing; a redesigned bearing with full lifting capacity and air gap 
will be built later to verify the design. 

3) Motor-generator fabrication is 90% completed with no technical problems. 

4) Cycloconverter electronics have been fabricated and 80% tested on a 
simulated motor-generator. A design improvement permits operation below 
design spread with increased harmonic content. 

5) Motor-drive electronics are 60% fabricated. The microprocessor­
controlled maximum-power-point tracker has been completed and tested. 

6) System dynamics analysis has proceeded by simulation. A generalized 
flywheel whirl stability criterion has been derived, and an application 
method h~s been developed which uses linear non-rotating vibrational 
modes of the system from standard finite element programs. Calculations 
of damping and torque requirements have been made to traverse whirl 
modes of the system during initial spin-up. By design, there are no 
whirl modes in the operating speed range of the system, as shown in 
Fig. 3. 

7) Test system (vacuum tank and support structure) modifications are in 
progress. These include fabrication of the containment ring and its 
supports, and are the pacing items on project schedule. 

Initial system testing is scheduled to begin in November 1979. 
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Fig. 3. Spin-Whirl Dynamics. 

The predicted system efficiency is calculated from an energy budget for the residential 
syste~ ·shown in Table 3. Using a load profile from the G.E. PV Residential System Design 
Studylj) and two possible solar input profiles, both giving an energy balance over a day, the 
system energy round-trip efficiency is approximately 70%. This figure is not very sensitive to 
details of the input/output profile, as Figs. 4 and 5 show, due to the high efficiency of the 
input/output equipment. 

Fig. 4. Load Profile A 

RESIDENTIAL f.l.S.T. TYPICAL DAILY ENERGY BALANCE 
38 kwH SOLAR INPUT, 26.7KwH LOAD 70"1. EFFICIENSla. 

12 : lb " TIME IHRS) 
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Fig. 5. Load Profile B 

F.I.S.T. TYPICAL DAYS ENERGY BALANCE 
8Kw ARRAY, CLOUDY AFTERNOON 

~ACTUAL SOlAR INPUT b, TOTAL ll9 KwH 

L ......... J··· 

• 10 16 20 
TIME I HAS) 

TABLE 3. FI'ST Energy Storage 

MAl. •O 

JO 

10 

" 

Fixed loss 200 watts (2% of full load) 

Storage loss 0.3% per hour 

Input electronics 
Full load 8% 
Half 1 oa.d 7% 

Output electronics 
Full load 8% 
Half load 7% 

M/G Loss (input-output) 
Full load 4% 
Half load 2% 

aNo vacuum pump power has been assumed. 
bA 5-micron vacuum level is assumed. 
CA residential vacuum system might require 160 watts. 
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In the future, MIT/Lincoln Laboratory hopes to investigate on a subscale basis the 
implications of: 

Utility-interactive flywheel electronics 
Dynamics effect of low-cost rotors. 

Also MIT/Lincoln Laboratory hopes to build a residential-sized system based on the result of 
this work, assuming that cost analysis results are favorable. 

•· 
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PROJECT SUMMARY 

)roject Title: Mechanical Energy Storage Technology Project 

Principal Investigator: Thomas M. Barlow 

Organization: Lawrence Livermore Laboratory 
P. 0. Box 808, Mail Stop L-388 
Livermore, CA 94550 
(415) 422-8200 

Project Goals: The goals of this project are to develop and evaluate mechanical 
energy storage for both vehicular·and photovoltaic/wind applications 
and to maximize the commercialization potential of the technology. 

Project Status: The Lawrence Livermore Laboratory's (LLL) efforts in the development 
.of mechanical energy·storage technology (MEST)·were initiated in FY75. 
Our early efforts involved the development and characterization of 
fiber-composite materials for use in light performanc~ flywheels. 

Contract Number: 

Contract Period: 

Funding Level: 

Funding Source: 

In FY1977 and FY1978, respectively, the Project expanded to include (1) 
technical management of the development MEST technology for application 
to .electric and hybrid vehicles and (2) evaluation of the laminated 
disc rotor concept. Funding in the former area was provided under the 
Electric and Hybrid Vehicle RD&D Act of 1976 (Public Law 94-413). 

In FY1979, the project was expanded as the Sandia Laboratory in 
Albuquerque (SLA) began to transfer its acti~ities to LLL. Included 
in this transfer are the technical management responsibility for 
flywheel rotor'and mechanical component technology areas, as well 
that for photovoltaic and wind energy systems applications. 

The project consists of into six tasks, as listed below. The estimated 
FY1979 expenditure levels for each task is included; these estimated 
costs do not include the work reported separately by SLA. 

o Transportation Applications 
o Photovoltaic/Wind Applications 
o Fiber Composite Materials Characterization 
o Flywheel Rotor Technology · 
o Component Technology 
o Project Management and DOE Support 

$1,321,000 
$36,000 

$310,000 
$520,000 
$213,000 
$175,000 

For the most part, the Project's activities emphasize subcontracts to 
private industry. In-house activities include technical management, 
material characterization, and tapered-thickness rotor concept 
evaluation. 

W-7405-Eng-48 

Continuing 

$845,000 FY1979 B/0 from E&HV Program 
$1,730,000 FY1979 B/0 from Energy Storage Program 

U. S. Department of Energy 
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PROJECT 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 
evolution by efforts within the scope of the budget; the funding 
of developmental work treating such components. The documen­
tation of the state-of-the-art in component technology where 
such information is scattered or fragmentary. 

Project Status: Efforts have treated the following components: 

Contract Number: 

Contract Period: 

Funding Level: 

Funding Source: 

* 

Rolling Contact Bearings 
Magnetic Bearings - Active and Passive 
Composite Wheels - Hardware development, development of analytic 

and testing techniques, material studies. 

Composite Materials - Analysis, improved properties, vacuum 
outgassing properties, fabrication and 
thermal characteristics. 

Seals - Power dissipation, lifetimes, permeation rates. 

Funding has been provided to other agencies for the testing of 
energy storage systems, and the groundwork has been completed for 
a program to deal with the problems of vacuum technology. 

SOL 78 

FY79 

$980 K * 

DOE, Division of Energy Storage Systems 

Included in this project are the following: 
"Rotor Analysis," Keith Milier. 
"Flywheel Rotor Analysis," Arlo Nord. 
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SANDIA ACTIVITIES OVERVIEW 

R.O. ~Joods 
Sandia Laboratories 

Advanced Energy Projects 
Division 4715 

Albuquerque, NM 87185 

ABSTRACT 

This presentation will mention all Sandia efforts in the field o'f components development 
during FY79. Particular emphasis will be placed upon ·activities not reported at the October 
1978 review meeting. A complete list of the publications that were generated during the 
reporting period is included here and will be presented as a handout during the verbal 
presentation. 

INTRODUCTION 

This program can most logically be discussed in terms of the four main tasks listed in 
Viewgraph 1. Table I, which is included in the handout_but not reproduced as a viewgraph, 
lists all the contracts that were active during FY79. 

A. 40 WATT-HR/LB COMMERCIAL WHEELS 
' 

The largest single item in order of cost was the placing of contracts for the development 
of composite wheels with a nominal energy density of 40 watt-hr/lb. A strenuous effort was· 
made to bring this part of the program to the attention of all potential suppliers; it was 
hoped that some new sources would be developed.- A note was placed in Commerce Business Daily 
for December 8, 1977, soliciting expressions of interest. Twenty-three replies were received, 
of which nineteen were credible candidates. A request for proposals was circulated to those· 
nineteen. Four contracts were placed in August 1978 after proposals had been evaluated by . 
a. panel of five Sandia persons working in relevant fields: The successful bidders (Viewgraph 
2) were: 

1. Garrett AiResearch 

This organization proposed a design that was a logical continuation of work that had been 
done for the Army Mobility Equipment Research and Development Command (MERADCOM). -Final 
testing of the original MERADCOM design had been partly supported by DOE via a Sandia Federal 
Agency Order. (The wheel was successfully spun to. its design speed in September 1978, when a 
peripheral speed of 2800 FPS was reached. Energy density at this speed was 26 Whr/lb; an 
impressive level in itself, but all the more significant since much ·of the weight of the wheel 
was in a brute force hub/spoke assembly that was used solely to test the rim.) The unique 
feature of this design is a rim that is wound in concentric. layers, isolated from one another 
by films of teflon which cripple their bending stiffness. This allows the rim to be pressed 
on the cruciform spoke assembly by deforming it into a slig~tly square ("subcircular") shape. 
The same concept was used on the successfully tested rim. Spokes and hub of the present 
design are formed by using a carbon-filament structure. 

The program was concluded on schedule. As of. July, we are awaiting delivery of the 
hardware. The effort was documented in Reference 1. (The list of publications is included 
in the handout but not shown as a viewgraph.) 
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2. Rockwell International 

The Rockwell design is based upon an earlier version that had been developed for use in 
;pacecraft as an energy-storage and inertial flywheel. Hardware delivery is scheduled near 
:he end of FY79. 

3. Hercules 

The Hercules wheel is unique in that it is essentially monolithic, with the mass concen­
trated near the periphery. This gives a very high volumetric energy density. Emphasis is 
placed upon use of a polysulfone matrix, rather than the more common but less elastic epoxy, 
to minimize transverse stresses. As with the Garrett wheel, hub attachment is via an elasto­
me~ic bond .. Hardware delivery is scheduled near the end of FY79. 

4. WilJiam M: Brobeck ·&.Associates 

The Brobeck design incorporates a rim concept that has become almost traditional. Its 
unique feature is the use of "tension-balanced" spokes, in which an elaborate design matches 
radial growth of the ·spokes to the centrifugal dilation of the rim. Stresses at the spoke/rim 
interface are thereby held constant. One specimen wheel has been shipped as of July 1979. 
A second is being fabricated. 

B. WHEEL ANALYSIS AND TESTING 

This has involved two testing campaigns which took place ·in R.M. Hargreaves' Livermore 
spin test facility, as well as extensive analytic work that resulted .in publications by 
members of Sandia's staff and consultants at the University of O~lahoma(2-13) This was a 
tightly-organized effort in which experiments were used to verify analytic predictions of 
vibrational modes. The program was coordinated by E.D. Reedy, Sandia Laboratories. The 
objective was not to develop the ultimate wheel, but rather to perfect analytic techniques 
that would make it possible to predict the behavior of new wheel designs. For this reason, 
the test .wheels themselves were workhorses rather than high-performance hardware. ' . . . . 

As a parallel to the. classical mechanics approach taken by the University of Oklahoma 
group, a firyite-element analysis'using NASTRAN was implemented at Sandia by A.K. Miller. 
Corresponding analyses were performed using both techniques,,_ and the results were used for 
mutual checking. An extremely fruitful dialog has resulted that has led to refinements in 
both computational techniques. Both sides of the effort will be described in presentations 
that are ~cheduled to ~e given at this conferenc~. · 

A third experimental approach to investigating vibration has been taken by instrumenting 
wheels with mu~tiple accelerometers, shocking them, and computer processing the accelerometer 
outD~!$ in real time. This work was done at Sandia's Albuqu~rque environmental test facil­
ity> J Experiments of,this kind make it possible to analyze vibrational modes without 
having to spin the wheels.. This provides very cheaply yet another check on the accuracy of 
prediction models. A video tape presentation will display the technique. 

Near the end of CY78, negotiations were begun that were aimed at establishing a flywheel 
test 'center, either at Union Carbide's Y-12 plant or· at the-Applied Physics Laboratory, 
Johns-Hopkins. The choice of locations has not yet been made. 

C. BEARINGS 
. ' 

Two bearings studies (Viewgraph 4) were' under way at the beginning of the year; one by 
Draper Laboratory that treated the next generation of ball bearings as specialized for the 
vacuum envirqnment, the other by Mechanical Technology, Inc., dealing with a hybrid magnetic 
suspension. A second contract was placea with MTI later in the year following an open RFP 
treating a fully magnetic suspension. The Draper Laboratory repordl6 was delivered at the 
end of CY78 and represents a substantial contribution to mechanical bearing technology. In 
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it, the characteristics of retainerless ball bearings operating in vacuum were investigated 
experimentally and a computer model was developed that would predict the operating parameters 
of such bearings over a range of speeds and loadings. These data are now available for use 
in trade-off studies comparing mechanical (i.e., ball) bearings to other types. 

The MTI contracts were also aimed at producing hard data for trade-off studies. In the 
first, the details of a hybrid magnetic/fluid-film bearing were worked out with enough­
elaboration to allow realistic estimates to be made of power consumption, load capability, 
bearing geometry, and lubrication system characteristics. This work was documented in 
Reference 17. (As of this writing, release of this document has been held up for patent 
considerations.) 

The second MTI study, which was placed with this contractor after an open RFP failed to 
locate another vendor, provides similar data for a system in which the entire mass of the 
rotating assembly is to be supported magnetically. The specific intention was to provide 
input to systems studies where scaling laws are needed to predict bearing operating 
parameters for units ranging in capacity from 1 kW-hr and intended for use in vehicles, to 
100 kW-hr, intended for stationary applications. In all cases, operation in vacuo is assumed. 
Particular attention is required to the hardware aspects of the system suc~as:-!Production 
costs vs. quantity, scaling laws for significant parameters, sensitivity to acceleration and 
vibration, maintenance considerations, lifetimes, and environmental problems. The contractor 
is currently in the process of producing the final version of his report. 

D. VACUUM TECHNOLOGY 

A number of aspects of vacuum technology relevant to flywheel applications were studied 
during FY79 (Viewgraph 5). These included a program by Ball Brothers Research that measured 
the outgassing properties of flywheel composite materials, a study by M. Baer, Sandia Labora­
tories, of the aerodynamic heating of composite wheels, and a study of shaft seals by the 
Franklin Institute. A contract was also placed with the Applied Physics Laboratory to study 
ferrofluidic shaft seals, ~od R.O. Woods issued a publication that discussed the overall 
vacuum technology problem. \lS) The latter is intended as background material to supplement 
an RFP, if and when an effort is made to locate a contractor capable of· handling the entire 
program. 

It has long been recognized that vacuum environment is necessary for the operation,of 
any high-performance flywheel system, but the acceptable pressures and gas loads due to out­
gassing of composites were matters for speculation. For want of better information, many 
workers assumed that an adequately low pressure could be maintained by· pumping at infrequent 
intervals and sealing-off the system. A Sandia-sponsored investigation of outgassing properties 
of the composite materials used in flywheels has established the mag~itude of the gas load. 
In that study, the outgassing rates of six different materials were measured as a function of 
time up to 100 hours. Similar-data were also taken at elevated temperatures. The data are 
presented in Reference 19. 

The similarities between the conditions that exist at the surface of a composite flywheel 
and those at the skin of a re-entering spacecraft were exploited to make use of existing 
Sandia aerodynamic heating codes. Peripheral speeds of composite wheels can range as high 
as 1000 metres/second -- a reasonable speed for a re-entering sounding rocket. Further, 
atmospheric pressure in the altitude range where re-entry effects become significant is in the 
vicinity of 10-3 to 1o-4 torr -- a practical range for the pressure in a flywheel enclosure. 
When the similarities were brought to his attention, M. Baer was able to capitalize upon them 
by adapting a computer code that had been developed for re-entry heating calculations. This 
was used to generate boundary conditions for ano2aer code that evaluated the internal tempera­
ture fields of anisotropic bodies. Baer's work\ J made it possible to set an upper limit to 
the pressure at which c~mposit~ wheels could operate. (For steady-state conditions, this will 
typically be around 10- torr.) 

334 



It is generally thought that mechanical shaft seals will not be suitable ·for use in com­
posite wheel systems because of the high running speeds and low tolerance of such systems for 
leakage. A contract was placed with Franklin Institute Research Laboratories aimed at testing 
this supposition by documenting the practical range of running speeds determined by wear and 
power consumption and to establish realistic permeation or leakage rates for present state­
of-the-art seals. It was also required that the contractor suggest ~he most fertile line of 
development for future seals technology. The results of this study were documented in 
Reference 21. 

Another type of seal is being investigated experimentally by.the Applied Physics Labora­
tory, Johns Hopkins University. This is the so-called "ferrofluidic" seal that uses a mag­
netic fluid held to a shaft by a magnetic field. The APL program is scheduled to conclude in 
August. 

E. MISCELLANEOUS 

Funding was provided to MERADCOM to finish testing a complete flywheel energy storage 
unit that had been developed by Rockwell as a part of a cancelled program. These tests are 
to be performed during CY79. This unit embodies a number of engineering innovations and is 
unique as to size and designed performance levels. The test data will represent a substan­
tial contribution to our knowledge of what is practically attainable in energy storage 
systems. Tests are to be supervised by L. Amstutz of MERADCOM. 

Materials research, aimed largely at improving the transverse properties of composftes 
for flywheel use, was conducted by R.E. Allred of Sandia Laboratories. Means were investi­
gated to modify the properties of a matrix by the addition of a rubbery phase, and to improve 
the filament/matrix bond. These studies necessitated the development of improved test fix­
tures, which have greatly reduced scatter in the test data. This work has been documented in 
Reference 15. 
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• 
TABLE I. Contracts Active During FY79 

Sandia Status Start 
Contractor and DescriEtion No. {8Ll272~ Date 

Brobeck Wheel 07-0291 Active 7/78 
Hercules Wheel 07-0292 Active 7/78 
Garrett Wheel 07-0293 Concluded 7/78 
Rockwell Wheel 07-6955 Active 7/78. 

Draper Labs Bearings 07-6996 Concluded 10/77 
MTI Hybrid Bearings 07-6997 Concluded 1/78. 
MERADCOM Garrett 07-7095 Concluded l/'J8 
Franklin Institute Seals 07-7141 Concluded · 1/78 
MTI Magnetic Bearings 07-7142 Active 4/78 
Ball Brothers Outgassing 07-7150 Concluded 1/78 
University of Oklahoma (1979) 13-3832 Active 10/78 
MERADCOM Rockwell 13-2369 Active 12/78 
APL (J-H) Seals 13-2396 Active 12/78 
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PROJECT SUMMARY 

Project Title: Analysis of Composite-Material Flywheels for Vehicle Applications 

Principal Investigator: Charles W. Bert 

Organization: University of Oklahoma 
School of Aerospace, Mechanical and Nuclear Engineering 
Norman, Oklahoma 73019 

Project Goals: To develop analytical capability to predict dynamic behavior of rim-type 
flywheels supported by flexible bands in two configurations: spin-test 
configuration (quill shaft) and vehicle configuration (end-supported), to 
correlate predictions with spin-test results, to suggest design changes to 
improve dynamic behavior, to investigate effects of nonlinearity of support 
bands, and to investigate analytically problems of containment after band 
failure. 

Project Status: The following linear analyses have been completed for the qufll-shaft 
system: free whirling, stability, and forced whirling (response to rim 
unbalance and initial tilt). The results have been correlated with spin­
test results and certain design improvements have been suggested to improve 
the dynamic behavior of the system. The effects of a variety of vehicular 
support parameters (end-supported flywheel shaft) have also been investi­
gated. 

A string-column model has been devised to simulate the nonlinear action of 
the su~porting bands connecting the rim to the hub. This ~odel has been 
used to'determine radial restoring force and tilting moment as a nonlinear 
function of running speed, relative radial displacement, and relative 
tilting angle. A Runge-Kutta numerical-integration procedure has been 
devised to determine the time response of the complete system including 
the nonlinear action. 

Regarding containment, some preliminary calculations have been made 
in·volving both strength and frictional heating due to rubbing of the rim 
against the containment housing after failure of the supporting bands. 
It is difficult to utilize these results until some experimental measure­
ments are made on impact dynamics and heat generation in these material 
combinations at these speeds. 

Contract Number:. 07-7843; 13-3832 

· Contract Period: Dec. 1, 1977-Nov. 30, 1978; Dec. 1, 1978-Sept. 30, 1979 

Funding Level: $38 K; $33.6 K 

Funding Source: \ U.S. Department of Energy, through Sandia Laboratories, Albuquerque, NM 
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ROTOR DYNAMICS: 
DYNAMICS OF RIM-TYPE FLYWHEELS SUPPORTED BY FLEXIBLE BANDS 

Charles W. Bert 
School of Aerospace, Mechanical and Nuclear Engineering 

The University of Oklahoma 
Norman, Oklahoma 73019 

ABSTRACT 

Certain high-performance, composite-material flywheel systems for energy storage on vehicles 
differ significantly from turbine/compressor systems in two respects: the flywheel rim attach­
ment to its hub is very flexible (especially in tilting} and these flexibilities depend upon ro­
tational speed through centrifugal stiffening. This paper describ~s analysis of free whirling, 
suggestions for design improvements, stability analysis, response to unbalance and initial tilt, 
and nonlinear analysis of supporting-band action. 

INTRODUCTION AND BACKGROUND INFORMATION 

As part of the national effort to conserve petroleum as an energy source, there is interest 
in storing energy .in hybrid automotive vehicles·, especially for short-distance, start-stop vehi­
cles such as urban· cars, delivery vehicles, etc. One candidate mechanical means of storing ener­
gy in such a vehicle is a flywheel. Most flywheels developed to date have been rather heavy, 
rigid ones made of conventional, homogeneous, isotropic materials, such as high-strength steel. 
However, with the development of advanced filamentary composite materials, there is considerable 
promise in the use.of these materials in view of their high strength-to-weight values, since the 
energy storage per unit weight is directly proportional to this parameter. Another advantage is 
the less catastrophic nature of the failure of such flywheels; this advantage allo'rJS a lighter 
flywheel containment system. 

One design concept to achieve high energy storage per unit weight is to have the composite 
flywheel mass concentrated at fairly large radius (rim) and run at high speed (>30,000 rpm) .. 
High speed causes difficulties in attachment to the power-transmitting hub; thus, the attachment 
must also be of composite material. Composite material in turn results in a very flexible attach­
ment, which causes quite different dynamic problems than those encountered previously in rotating 
machinery such as turbines .and compressors. 

In this investigation, the dynamic phenomenon of the whirling mode, generally recognized as 
one of the most catastrophic ones associated with rotating machinery, is carefully examined. 
Apparently the only previous analyses in the literature concerni2g the whirling dynamics of rim­
type flywheels existing are due to McKinnon~ 1)and Bert and Chen~ J. McKinnon considered free 
whirling of a two-mass system having three degrees of freedom: hub tilting, hub translation, 
and rim tilting. In Ref. 2 these flexibilities were considered. plus the radial flexibility of 
the hub-flywheel connector. 

I 
In the present work, free whirling, forced whirling, and stability analyses are studied for 

a four-mass, eight degree-of-freedom believed to be the most appropriate model to describe the · 
Sandia flywheel(3)as installed in a quill-shaft, air-turbine-drive test facility. 

The Sandia Laboratories experimental flywheel prototype (Fig. 1), for which the present 
analyses are intended to be applied, has a thick rim of hoop-wound graphite-epoxy attached to a 
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central aluminum hub by radially wound bands of aramid-epoxy (Fig. 2). The hub is attached to 
the turbine through a relatively flexible steel flywheel •shaft (a quill shaft cantilever-mounted, 
at the top, inside the turbine shaft). The steel turbine shaft is supported on two ball bearings 
and carries the air-driven turbine. An external damper is located between the lower bearing and 
hub on the flywheel shaft. In Ref. 3, Reedy predicted that the design energy-storage goal of 
0.56 kwh (49.4 watt-hr/kg) is achieved at a rotational speed of 32,000 rpm and that the governing 
material strength is reached at 39,850 rpm. 

PROJECT DESCRIPTION AND RESULTS 

HYPOTHESES 

In the analyses presented here, the principal engineering assumptions are: 
1. The bearings {ball bearings) are isotropic and act as simple supports. 
2. All rotating components are geometrically axisymmetric, but provision is made for rim 

mass-center eccentricity (static unbalance) and tilt. 
3. In the main analyses, all nonlinear effects are neglected. (However, in the latter 

part of the paper, string /column action of the bands is investigated.) 
4. Although the shaft is vertical, pendulum action is small. 
5. The shafts and bands are modeled as discrete, massless elements with elasticity and 

material damping; the damper is assumed to have viscous damping. 
6. The flywheel rim, flywheel hub, turbine disk, and damper are considered as discrete 

rigid bodies. (For the flywheel rim this was confirmed in an earlier contract<4), 
where it was found that the lowest natural frequency is 56,900 cpm.) 

FREE WHIRLING AND SUGGESTED DESIGN IMPROVEMENTS 

When a shaft with a rigidly attached rotor, overhung with respect to its supports, is ro­
tated at constant speed, the centrifugal force produced by an eccentricity causes the disk to 
tilt with respect to the axis of rotation. This tilting action, in turn, produces a gyroscopic 
couple about the diametral axis of the disk. The sense of the gyroscopic couple is such that it 
effectively stiffens the shaft at the speeds associated with forward precession and reduces· the 
effective stiffness at the speeds associated with retrograde (or backward) precession. 

In the Sandia thick-rim flywheel (Fig. 2)(5), the rim is connected to the hub by means of 
relatively flexible bands, in contrast to the usual case for overhung compressor disks which 
customarily are rigidly attached to the shaft. Thus, it is clear that the rim and hub should be 
considered as two different masses rather than a single one. Except for Refs. 1 and 2 all exist­
ing multi-mass disk-shaft system analyses are applicable only to the case when the flexible mem­
bers connect to ground. In the case of the Sandia flywheel mounted in the spin-test facility, a 
flexible member (the bands) connects to an otherwise free mass (the flywheel rim). 

In the whirling analysis, each rotor has two generalized displacements associated with 
translation (r) and rotation (~). For the flywheel depicted schematically in Fig. 1, there are 
eight generalized displacements {qi} = (rr, ~r• rh, ~h' rt, ~t• rd, ~d)T. The subscripts r, h, 
t, and d refer to the rim, hub, turbine, and external damper, respect1vely. The corresponding 
generalized forces are {Qn = (Fr, Mr, Fh, Mh, Ft; Mf; Fd, Md)T. The connecting equations can be 
written in matrix form asJfollows: 

{Q.} = [K .. ] {q.} 
1 lJ J 

i, j = 1, 2, ... , a· ( 1 ) 

where [Kij] is the stiffness matrix. Derivation of the compliance matrix, from which [Kij]· can 
be obtained by inversion, was presented in Ref. 5, Appendix E. 

Assuming normal-mode whirling with frequency w, one seeks the following solutions: 

i = 1 ' 2' ... ·, 8 ( 2) 

where qi is the amplitude of qi. Putting Eq. (2) into Eq. (1), one gets the homogeneous linear 
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algebraic.equation set 

{[Kij] + [Ni.j]w- [Mij]w2 }{~i} 0 

where [M .. ] and [N .. ] are 8x8 matrices. 
lJ lJ 

(3) 

Equation (3), referred to as a generalized eigenproblem, can be reduced to the standard­
type eigenproblem by use of an appropriate transformation. Solving the eigenvalue problem, one 
can obtain modal fr.equencies as a function of the rotational speed. Plots of these relationships 
are shown in Fig. 3 for both the forward and the retrograde branches. The intersections of the 
w vs. n curves with straight lines of the form w = nn determine the so-called critical speeds 
(ncr) which correspond to the values of running speed nat which dynamic instability may take 
place. The value n(= w/n) is called the order of the critical speed and it is usually either a 
positive or negative integer or its reciprocal. Lines corresponding to n = ~ 1 and n = + 2 are 
shown in Fig. 3. 

Most investigators have emphasized the first order (n=l) critical speeds; some claim that 
backward-precession critical speeds are less dangerous than forward-precession ones. 'However, 
Yamada(6)observed experimentally retrograde as well as forward critical speeds of orders up to 8, 
and Thomson et al.(7Jdetected several critical speeds of both retrograde and forward orders. In 
Fig. 3 there are shown four first- and at least four second-order forward critical speeds in the 
rotational speed range up to 50,000 rpm. The first-order critical speeds occur at about 700, 
7,600, and 38,100 rpm. In contrast, the experience of Refs. 1 and 7 suggest that higher-mode 
forward critical speeds of second order are most dangerous. It is noted that the amplitude 
ratios ~r/~h and rr/rh increase rapidly as the running speed approaches the fourth-mode, second­
order forward critical speed {approximately 24,200 rpm). This is consistent with comparison be­
between the present results and the experimenta 1 results in R:f. 8 as discussed be 1 ow. 

The major differences in System B (twisted bands) as compared to System A are smaller out­
of-plane band compliance and larger hub mass and axial moment of inertia (mh, Jmh). It appears 
th'at this calculated fourth-mode, second-order forward critical speed was not associated with the 
excessive amplitudes which occurred during spin tests in the vicinity of 29,000-30,000 rpm. 
Exactly which critical speed is most important is less certain. However, there is a distinct 
possibility that it is a first-order forward one at the second mode. Further comparisons with 
experimental results may be found in Ref. 5. 

One of the objectives in designing the flywheel systems is either to eliminate the criti­
cal speeds, if possible, in the operating speed range or to move them beyond the maximum opera­
ting speed. In the Sandia System A and B designs, the two most dangerous critical speeds are the 
first-order forward one at the second mode, (nGr) 12 , and the second-order forward one at the 
fourth mode, (n rh4 • In view of the nearly identical performance of Systems A and B, it is 
practically suf1icient to present numerical results for only one system since these results are 
applicable to the other system with an error of less than 0.5%. 

Practical ways to increase (n r) 12 are: to increase the flexural rigidity (Eis) of the fly­
wheel shaft, to decrease the hub's aiametral mass moment of inertia, and to increase the angle of 
the bands with respect to the plane of the rim, ~. It was found that (ncr) 24 is unaffected, but 
(ncr) 12 is increased by approximately 3% for each one-degree increase in $, (ncr) 12 is increased 
by approximately 18% when Imh is reduced by 20%. Critical speed (ncr) 24 remains unchanged for 
the above two cases and for the case even when Is and ~ are increased s·imul taneous ly. In order 
to increase critical speed (ncr) 24 , it is necessary to increase the stiffnesses of the flywheel 
shaft and turbine shaft as well as the angle ~ simultaneously. When the foregoing three para­
meters are doubled simultaneously, critical speed (ncr) 24 is increased from 24,200 rpm to 31,800 
rpm and (ncrh 2 is increased from 38,100 rpm to 41 ,7uu rpm. · 

In addition to the work just described for the Sandia flywheel in the spin-test facility, a 
series of computations<9)was carried out for the Sandia design mounted between ball-bearing 
supports, more typical of a vehicular mounting. Twenty-six different combinations of the follow­
ing parameters were investigated: hub location along the shaft, upper and lower bearing-pedestal 
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spring constants, and the area moment of inertia of the shaft. Of the 26 cases considered, 
twenty were deemed to be satisfactory from a dynamic standpoint, in that they had no forward­
orecession critical speeds of first- or second-order in the desired operating speed range of 
3,000 to 32,000 rpm. 

STABILITY ANALYSIS 

Internal friction (damping) acts in rotating shafts provided that the whirling speed is 
different from the shaft rotational speed. Internal friction has the effect of resisting shaft 
motion and causes energy dissipation. It is well known that internal damping reduces the ampli­
tude of a non-rotating vibrating system and thus stabilizes such a system. In rotating machin­
ery, however, if the rotational speed is above the lowest first-order critical speed, the effect 
of internal damping is reversed, i.e., the amplitude of whirling vibration gradually builds up 
and finally leads to an unstable motion. 

One can bring internal damping in the steel shaft and in the aramid-epoxy bands into the 
formulation by replacing the Young's modulus with a complex modulus 

E=(l+iy}E > ; n < w (4) 

Also the external force acting on the flywheel shaft at the external damper (with viscous co­
efficient Cd) is added. Thus, one obtains a matrix characterist;l._c equation of the same form as 
Eq. (3} except that now the "stiffness" matrix [Kij] is complex rather than real. 

The stability criterion is obtained by using the Routh concept.directly by numerically 
determining the complex roots. In general, the whirling frequenciEs Qre complex numbers, i.e., 
w = wR- iw . Thus, the solution can be written as {qi} = {qi}ewl e1wRt. The quantity wR is 
the damped frequency, while the quantity w1 is the growth factor. It is noted that if w1 > 0, 
the amplitude will grow with time exponent1ally and the system will become unstable. On the 
contrary if w1 < 0, the system is in a stable condition. Values of Ys and yb are assumed to be 
0.005 and 0.0172, typical of steel and aramid/epoxy, respectively. Effects of the external 
viscous damping coefficient Cd on the onset of instability are shown in Fig. 4. If Cd = 0, the 
onset of instability occurs at the lowest first-order forward critical speed. Only a small value 
for Cd (less than 43.8 N-sec/m or 0.25 lb-sec/in) is required to stabilize unstable motion asso­
ciated with the first and third modes for n > w. When the value of Cd is greater than approxi­
mately 35.0 N-sec/m or 0.2 lb-sec/in, the onset of instability jumps up to 38,100 rpm. Increas­
ing the value of Cd has very little effect on increasing the onset of instability beyond 38,100 
rpm. 

FORCED WHIRLING 

Although the rotors used for high-speed flywheels can be well balanced in today's techno­
logy, it is not possible to eliminate the initial unbalance completely. This initial balance 
(eccentricity) causes resonance in the neighborhood of first-order critical speeds. In the ab­
sence of damping, the resonance response would build up and finally cause the failure of the 
system. Another source of excitation for first-order critical whirling is unavoidable initial 
flywheel tilt {equivalent to couple unbalance). To reduce the response amplitudes in the Sandia 
flywheel system, there is an external damper located on the flywheel shaft as shown in Fig. 1. 
Here the frequency response of the system is studi·ed, and minimum damping determined for a given 
maximum response allowance. 

If a rotor is unbalanced with an eccentricity of e and initial tilt cf>o• the translational 
displacement (rc) and tilt angle (ct>c) of the rotor mass center-can be expressed as 

= r + e eint ~ = ~ + ~ eint 
rc "'C "' "'o {5) 

The maximum values of eccentricity and initial tilt are 0.025 em (0.010 in) and 0.13°. 

Due to the geometric configuration of the Sandia system it is expected that the unbalance 
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and initial tilt mostly occur in the rim. Thus, only frequency responses excited by such kinds 
of geometric imperfections are studied. The governing matrix equation of motion is Eq. (3) with 
the addition of an excitation column matrix on the right side. Solving this equation on a digi­
tal computer, one obtains response as a function of running speed. Typical responses induced b 
rim eccentricity are presented in Ref. 5. 

In the Sandia spin-test setup, there is a "stop" installed in the system, which limits the 
hub translation to a maximum of 0.071 em (0.028 in). To-prevent the hub from hitting the "stop", 
an adequate amount of external damping should be present. Hub translational response induced by 
a combination of an exaggerated value of rim eccentricity, 0.071 em (0.028 in), and an initial 
tilt of 0.15 deg. is given in Fig. 5. Even in this extreme, a Cd of 43.8 N-sec/m (0.25 lb-sec/in) 
is enough to keep the hub from hitting the "stop". Also, calculations r~lated to allowable 
clearance at the damper show that this same amount. of damping should be adequate. 

NONLINEAR EFFECTS IN THE SUPPORTING BANDS 

From the geometry of the bands supporting the flywheel rim (Fig. 2), an analysis is made 
to analytically model the radial force and tilting moment as nonlinearly coupled functions of 
rim-to-hub relative radial displacement and tilt angle, and running speed. To simplify the 
geometric relationships involved, the geometry is assumed to be that of a string, i.e., the 
effect of flexural rigidity of the bands on the deflected shape is neglected. However, the 
effect of flexural rigidity on the buckling load is not neglected, i.e., it is assumed that when 
the net compressive load (on the compressive side of a tilted rim or on the compressed bands due 
to in-plane displacement of the rim) in a given band reaches the calculated buckling based on 
appropriate boundary conditi-ons, that band cannot carry any additional load. The modal shape 
used to depict the band behavior depends upon the running speed; for example, the point of maxi­
mum deflection shifts from the band midpoint (x/L = 0.5) to x/L ~ 0.57 when the speed is in­
creased from zero to 30,000 rpm. If this change in deflected shape was not taken into account, 
the buckling load at 30,00 rpm would be overestimated by about 7.2% (the accurate value is ap­
proximately 156% greater than the buckling load at zero speed). Figure 6 is a typical 3-D plot 
showing tilting moment as a function of displacement (x) and tilt angle ·(<j>). The Runge-Kutta 
numerical-integration technique is used to directly integrate the coupled nonlinear governing 
equations. 
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Fig. 2 Plan View of One Quarter of·the Sandia 
Thick-Ring Flywheel (System A) 
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RECENT SPIN TESTS OF TWO COMPOSITE 
WAGON WHEEL FLYWHEELS 

A. Keith Miller 
Applied Mechanics Divisio¥ 5522 

Sandia Laboratories 
Albuquerque, New Mexico 87185 

ABSTRACT ----
This paper briefly discusses some observations made of spin tests 

performed on two variations of the Sandia "wagon wheel" flywheel. In one 
design, the graphite/epoxy rim was attached to the aluminum hub with 
twenty-four thin Kevlar-49/epoxy spokes, while in the other design eight 
thicker graphite/epoxy spokes connected the rim to the hub. The test 
objective was to compare the dynamic behavior of the two structurally 
dissimilar flywheels. ·The tests were limited to speeds less than 22,000 
RPM and only moderate torques were applied during the acceleration phase 
of the tests in an attempt to detect speeds for previously predicted modes 
of vibration of the flywheel-spin-turbine system. Using proximity sen­
sors, horizontal disturbances of the flywheel hub were detected for speeds 
less than approximately 6,000 RPM. These disturbances are believed to be 
associated with predicted modes of vibration for the flywheel-spin-turbine 
system. No modes of vibration were sensed for the predicted possible 
whirl and torsional resonances in the speed range between 6,000 RPM and 
22,000 RPM. A squeeze film damper assembly which was attached to the 
flywheel spindle shaft is believed to have sufficiently dampened possible 
whirl modes so that they were undetectable in the speed range tested. 
The tests indicated that the squeeze film damper assembly successfully 
stabilized the flywheel-spin-turbine system when the damper functioned 
properly; however, low frequency retrograde instabilities were induced 
into the system by the damper assembly when it was not operated within 
prescribed parameters. 

* This work was sponsored by the U.S. Department of Energy (DOE), under 
Contract AT(29-l)-789. 

t A U.S. DOE facility. 
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INTRODUCTION 

Results from a previous series of spin tests reported at the 1978 
Mechanical and Magnetic Energy Storage Contractor's Information Exchange 
Conference prompted further study into the dynamic response of the "wagon 
wheel" design [1]. The purpose of these previous tests was to demonstrably 
spin the flywheels to the design speed. As reported in References 1 and 
2, one of the flywheels was actually spun to within six percent of its 
design goal before failure of either the turbine spindle shaft, or the 
flywheel occurred. The cause of these failures was not conclusively deter­
mined. As reported by Reedy [1], these test results indicated that a 
better understanding of the dynam~cs of the rotors needed to be developed. 

Basically two designs of a thick-rim rotor were spun in the tests 
previously reported--the pin-wrapped design, and the wagon wheel design. 
Detailed descriptions of each of the designs can be found elsewhere [3,41. 
In general, the wagon wheel design seemed not to perform as well as the 
pin-wrapped. The wagon wheel design appeared to have a more severe vibra­
tional response. As reported by Nord [5], the hub of the pin-wrapped 
flywheel is more compliant than the one for the wagon wheel design, which 
may be one reason why the pin-wrapped flywheel functioned somewhat better. 
Flaws in the rims of the wagon wheel flywheels were also detected which 
may have caused their poorer performance [1]. Additional tests of new 
wagon wheel flywheels were therefore needed. 

During subsequent tests, attempts were made to detect speeds where 
modes of vibration were predicted, and to determine whether failures of 
the previous tests were caused by material failure within the rotors or ) 
by dynami.c instabilities which forced the turbine spindle to break. One 
wagon wheel flywheel of identical design to those previously tested was 
fabricated by the Defense Di~ision of the Brunswick Corporation. A varia-
tion of design was incorpora~ed into a second flywheel. Instead of having 
twenty-four thin Kevlar 49/ep~xy spokes attaching the rim to the hub, 
eight graphite/epoxy spokes each three times thicker attached the rim to 
the hub. This flywheel was al§o fabricated by the Brunswick Corporation. 

\ 
I 

BRIEF ANALYTICAL RESULTS 

As an initial step in analyzing the dynamic response of the two 
variations of the wagon wheel flywheel, finite element structural models 
of both flywheels were constructed. The normal modes of vibration pre­
dicted by the structural models of only the flywheels (without the spin 
turbine) under unrestrained boundary conditions (free-free conditions) 
were compared to those obtained by experimental modal analysis techniques 
[5]. The models were refined until the predicted mode shapes and natural 
frequencies agreed with the experimentally determined ones. 

Table 1 lists the modes and the corresponding frequencies obtained 
from the experimental analysis and those predicted by the models. Vibra­
tion modes were identified above 600 Hz but they are associated with rim 
flexures. These modes have been neglected in Table 1 since the resonant 
frequencies change very little when the finite element models of the fly­
wheels are attached to the model of the spin turbine. These frequencies 
are also well above the operating speed of the flywheels. All of the 
predicted frequencies shown in Table 1 are within fourteen percent of 
those measured for the twenty-four spoke flywheel, and within two percent 
for the eight spoke flywheel. 
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Table 1. Experimentally·Measured and Predicted Normal Modes of Vibration for Two Wagon Wheel Flywheels 

Experimental Modal Tests Model Prediction 

Mode Natural Frequency Damping Factor Mode Description Natural Frequency 
(Hz) Number (Hz) Percent 

1 
2 
3 

1 
2 
3 
4 

101.77 
376.54 
629 .19'-p 

109.55 
347.05 
412.23 
574.95 

0.78 
1.00 
2.45 

2.16 
1. 22 
1.59 
o. 79. 

24-SPOKED FLYWHEEL 

Axial 
Torsional 
Whirl 

8-SPOKED FLYWHEEL 

Axial 
Torsional 
First Whirl 
Second Whirl 

86.8 
373.4 
635.3 

108.5 
344.8 
407.4 
566.7 

The experimentally verified mathematical models of the flywheels 
were then attached to a finite element structural model of the Model 6100 
Barbour-Stockwell air turbine used in the spin tests. The normal modes 
of vibration of the flywheel-turbine (undampened) sy~tem were determined 
neglecting the damper assembly in the $YStem. The turbine damper assembly 
is normally attached to the turbine spindle to provide stability to the 
system as it traverses through critical vibrational speeds. The first 
normal mode for the flywheel-turbine system, using the twenty-four spoked 
flywheel, is shown in Fig. 1 as an example of the analytical representation 
of the flywheel-turbine· system. 

Fi9. 1. First· Lateral Bending Hade of Flywheel­
Turbine Modal Frequency 6.15 Hz (369RPH) 
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Table 2 lists the normal modes and frequencies predicted from the 
flywheel-turbine model of the twenty-four spoked flywheel. Note that 
only one torsional mode is predicted for this system in the speed range 
between approximately 4,000 and 32,000 RPM. Several vibration modes 
associated with bending of the turbine spindle <and axial motion of the 
rim are predicted below 4,000 RPM however. 

Table 2. No~mal Vibrational Modes and Frequencies~Predicted for 
the Twenty-Four-Spoked Flywheel-Turbine System Neglect­
ing Squeeze-Film Damper Assembly 

Mode 
Number 

1 

2 

3 

4 

5 

6 

Natural Frequency 
(Hz) 

6.15 

8.08 

44.08 ' 

66.33 

243.20 

637.00 
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Mode Description 

First Lateral Bending. 
of the Turbine Spindle 

Axial Motion of Flywheel 
and Turbine on Air 
Support 

Second Lateral Bending 
of the Turbine Spindle 

Axial Motion of the 
Flywheel Rim 

. Combined Torsional Mode 
of Flywheel gnd Turbine 
Spindle 

Combined Third Lateral 
Bending of the Turbine 
Spindle and First 
Flywheel Whirl 



, Results of the flywheel-turbine system for the eight-spoked flywheel 
are not presented in detail here because the modes predicted below 20,000 
RPM are essentially the same as thos~ shown in Table 1. One additional 
mode which is associated with the first diametrical rotational mode of 
the hub (flywheel whirl) is predicted to be near 25,000 RPM for the eight­
spoked flywheel mounted to the turbine. 

The normal modes of vibration shown in Table 2 were predicted for a 
static condition of the flywheel-turbine system; i.e., the system was 
considered not to be rotating. An analysis of possible gyroscopically 
induced whirl modes for a four-degree-of-freedom model of the twenty~four 
spoked flywheel indicated that no whirl modes exist within the speed range 
of interest; This conclusion is the same as that reached by Bert, et al., 
[6) for a similar four-degree-of-freedom model. However, a more complex, 
eight-degree-of-freedom model developed by Chen and Bert [7) indicates a 
possibility that several 'whirl modes may exist between 10,000 and 25,000 
RPM. There was no known way of assessing the strength of these possible 
modes however. It is possible such modes may be easily dampened to the 
point they become unobservable. 

SPIN TEST DESCRIPTION 

During the past year, two series of spin tests were performed at the 
Sandia Laboratories Livermore facilities using a Model 6100 Barbour­
Stockwell six-inch diameter air turbine. Attempts were made to spin both 
the twenty-four spoked and the eight spoked flywheels in the first series 
of·tests. The maximum speed was limited to less than 20,000 RPM to ensure 
that the flywheels would not be destroyed. 

Horizontal displacements of the adaptor section attached to the top 
of the flywheel hub were monitored with two orthogonally placed proximity 
transducers. The test plan was to limit the angular acceleration during 
the spin-up phase of the tests to a relatively low rate ih an attempt to 
clearly identify speeds where there was disturbance of the horizontal 
position of the hub which could be associated with critical natural fre­
quencies of the system. Speeds of 10,000; 13,000; 15,000; 17,000; and 
20,000 RPM were to be maintained for approximately 60 seconds each during 
the spin-up portion of the tests in order to access the stability of the 
flywheels at those speeds. Upon completing the dwelling at 20,000 RPM 
the flywheels would be allowed to coast down in speed with no reversing 
torque applied. Critical speeds were expected to be more easily identi­
fied by allowing the flywheels to drift through the speed range slowly. 

Only the twenty-four spoked flywheel was spun during the second test 
series. This second series of tests was essentially a repeat of the 
first, with only the oil feed rate to the squeeze-film damper assembly 
increased, and the flywheel rebalanced. 
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TEST RESULTS 

Discussion of the test results will concentrate on the phenomenon 
observed for the twenty-four-spoked flywheel because most of the test 
time was devoted to this flywheel, and because most of the conclusions 
were drawn from the information obtained 
from this flywheel. 

Several disturbances in the horizontal position of the hub of the 
twenty-four spoked flywheel were noted below approximately 6,000 RPM. 
These .disturbances were characterized by rapid increases and decreases in 
the run-out (variation of the horizontal position) of the hub. Above 
6,000 RPM the pattern on the oscilloscope displaying the hub run-out sta­
bilized into a toroidal shape. The diameter of the toroid (which is one 
indication of horizontal run-out) increased proportionately to approxi­
mately the square of the rotational speed. The rotation of the flywheel 
appeared to be stable at all of the constantly held speeds. However, the 
amount of horizontal run-out of the flywheel was believed to be approach­
ing an operational limit at the 20,000 RPM mark. No sudden changes in 
the behavior of the flywheel were noted during the spin-up portion of the 
test for speeds above 6,000 RPM. 

A very low frequency (approximately 3 Hz) retrograde whirl motion 
developed as the twenty-four spoked fly~heel drifted down in speed from 
20,000 RPM. The amplitude of this whirl increased approximately exponen­
tially with time until the motion became so violent that the test had to 
be stopped. Several attempts were made to allow the flywheel to drift 
down in speed, all resulting in the development of the same, nearly clas-
sical, instability. · 

The horizontal run-out of the hub of the eight-spoked flywheel 
appeared to be considerably greater at all speeds than .observed for the 
twenty-four-spoked flywheel. A somewhat similar pattern of behavior. was 
noted. Rapid fluctuations in run-out occurred below 6,000 RPM, and more 
benign motion was noted above that speed. The development of the retro­
grade whirling instability appeared to be much more serious for this 
flywheel. The instability would develop when repeated attempts were made 
to dwell at 15,000 RPM, which forced termination of further testing of 
this flywheel. 

Investigation into the possible cause of the low frequency retrograde 
whirl of the flywheel~ during this first series of tests revealed that the 
oil pressure in the squeeze-film damper assembly was below normally pres­
cribed conditions. An obstruction in the hose which supplies the feed oil 
to the damper assembly was removed, the oil pressure was increased, and a 
second series of tests using only the twenty-four spoked flywheel was 
performed. 

The follow-on test plan was identical to that used during the ffrst 
series of spin tests. Rapid changes in the run-out were again observed 
below approximately 6,000 RPM. The oscilloscope display of the run-out 
was not a perfect toroid above 6,000 RPM, as it had been during the first 
series of tests, as it was distorted into a much more narrow three-point 
crown shape. However, the amount of hub run-out did not increase with 
speed as had been observed during the first series of tests. The flywheel 
had been rebalanced. dynamically prior to the second series of tests which 
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leads one to conclude that the increase in run-out during the first series 
of tests may have been the result of a slight unbalance. 

The flywheel was completely stable at all speeds tested. The insta­
bility as the flywheel drifted down in speed from 20,000 RPM was no longer 
observed. The speed was gradually increased in the final test of this 
series until a gradual increasing of the hub run-out was observed at 
22,000 RPM. The tests were terminated at that speed. 

It is important to note that reversing torque had to be applied to 
slow the flywheel to a stop below the 6,000 RPM level. The relatively 
large horizontal displacements sustained at the:various critical speeds 
below 6,000 RPM required that those speeds be traversed as rapidly as 
possible. 

DISCUSSION OF RESULTS 

While the original test objectives were not achieved, several tenta­
tive results have been drawn from the experience. 

First, it was demonstrated that the wagon wheel flywheel design could 
be smoothly driven to 22,000 RPM (the highest speed at which this design 
failed during the 1977-1978 test series) under proper balancing of the 
flywheel and under a rather narrow set of operating parameters of the 
particular drive turbine used. The gradual increase in the run-out as 
the system was spun to 22,000 RPM in the final series of tests may have 
been a result of yet a small amount of dynamic unbalance in the rotor. 
It was concluded that to fully ascertain that possibility, the balance of 
the flywheel would need to be checked before higher speeds were attempted. 

Related to the possible balancing problem, it was found from this 
experience that instrumentation which could simultaneously monitor the 
center of the flywheel with respect to the spin axis (the run-out), and 
the angular position of the flywheel with respect to a fixed reference 
frame may be needed to better separate dynamic effects caused by unbalance 
from those associated with possible vibrational frequencies. Gunter [8] 
has pointed out that, theoretically, the location of possible unbalance 
in a thin rotor can be obtained from monitoring these two measurements as 
the system is spun through its first few critical speeds. By also moni­
toring the planar tilt and knowing its relationship to the angular orien­
tation of a flywheel, it may prove that dynamic unbalance of thick rotors 
also may be detectabl~ at higher speeds (speeds greater than 5,000 RPM)~ 

A final result found from these spin tests is that a squeeze-film 
damper assembly attached to the turbine spindle successfully stabilizes 
the flywheel-turbine system at higher speeds. Theoretical development of 
the hydrodynamic forces within squeeze film dampers [9, 10, 11, 12] indi­
cates that although dynamic instabilities can result from the use of 
squeeze-film dampers, such devices should be very effective in damping 
possible whirl modes induced by either coulomb damping, hysteresis damping 
in the turbine spindle, or gyroscopic effects.. The effectiveness of these 
squeeze-film damper assemblies in damping whirl modes appears to be rather 
strongly dependent on maintaining the oil pressure within reasonable oper­
ating parameters [12] , a fact apparently confirmed by these tests. 

It is suggested that further investigation be made into the stabili­
zation of pendulously supported flywheel spin tests using squeeze film 
damper assemblies. 
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EXPERIMENTALLY DETERMINED MODES OF THREE COMPOSITES FLYWHEELS* 

A.R. Nord 
Sandia Laboratories 

Vibration and Modal Testing Division 
Division 1542 

Albuquerque, NM 87185 

ABSTRACT 

Three composite flywheels were analyzed by the Vibration and Modal Testing Division of 
Sandia Laboratories .. Modal analysis techniques were used to experimentally determine the modal 
frequencies, damping, and complex mode shapes of the flywheels in a frequency range correspond­
ing to the purposed operating speed range of the wheels. The wheels were suspended from soft 
supports during testing so the modes characterize the structures for an unrestrained boundary. 
Since the complex mode shapes for each modal frequency are best appreciated when viewed on a 
dynamic display, a special videotape has been prepared to show the first mode shapes of the 
three flywheel configurations. This paper serves as an introduction to and a summary of the 
videotape and is not intended to be a complete description of the modal analysis work done on 
the fl ywhee 1 s. 

TEST PROCEDURE 

The three flywheel configurations were instrumente~·in a similar manner. The three photo­
graphs show the location of accelerometers on the aluminum cubes every 90° around the top and 
bottom of the hub and around the rim. The 12- and 4-spoked wagon wheel design had accelerom­
eters ·at the center of the rim only, but the pinwrapped model was instrumented with measure­
ment ·points both at the top and bottom of the rim. Each measurement point was monitored in the 
axial, radial, and tangential directions. The flywheels were suspended from soft rubber tubes 
attached to the hub and the structure was excited by tangential impacts to an aluminum block 
also secured to the hub. · 

In Figure 1 ("12-Spoked Flywheel"), an example of a 3-axis mounting block for accelerom­
eters can be seen at station "4." Only the pickoff for tangential acceleration is shown 
installed. The same is true of Figure 2 ("Pinwrapped Flywheel"). In this case, three 
tangential-motion sensors are shown at the top of the hub and a number of bare blocks can be 
seen on the rim of the wheel. Figure 3 ("Four-Spoked Flywheel") shows, in addition to a wheel, 
the instrumented hammer that was used to shock. the wheels. It will be noted that the hammer 
incorporates an accelerometer which is used to give a time-domain readout of the driving 
function. 

Frequency response functions (transfer functions) were measured by effectively taking 
the ratio of accelerometer response to the input hammer force in the frequency domain. The 
modal parameters were extracted from the measured frequency response functions by fitting an 
analytical expression to the measured data by an iterative routine on the analyzer/computer. 
The analytical function used to fit the measured response function contains the three modal 
parameters; frequency, damping, and complex amplitude. After each analytical function has an 
acceptable fit to the corresponding measured response function, the computer can display the 
structure at each mode and show the relative motion of each measured point. 

*This work supported by the U.S. Department of Energy, DOE. 
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MODAL RESULTS 

The accompanying videotape shows the modes of each of the three flywheel configurations 
that were found near and below 600 Hz. The film discusses the similarity and the differences 
of the modes and relates them to the flywheel's structure. The table below is a summary of 
these first modes on the three flywheels. 

Mode 

Axial 

Torsional 

Rim Twist with Hub 
Deformation 

1st Hub Rotation 

2nd Hub Rotation 

12-Spoked 
Model 

102 Hz 

376 Hz 

629 Hz 

4-Spoked 
Model 

109 Hz 

347 Hz 

412 Hz 

575 Hz 

Pinwrapped 
Model 

roHz 
153 Hz 

299 Hz 

486 Hz 

The videotape shown at the conference will be archived at Sandia Laboratories, Albuquer­
que. Arrangements for borrowing it can be made with the author of this paper. 

The summary shows the simple axial and torsional stiffness of the two wagon wheel designs 
are very close, but the pinwrapped model is much softer. The 12-spoked model has one hub 
rotational mode above 600 Hz which should place this mode above the operating speed range. 
The 4-spoked flywheel' has two hub rotational modes below 600Hz possibly well within the 
operation range. The pinwrapped wheel has a rim twisting mode with some hub deformation well 
in the operating range. This softer system with a much more flexible hub brings a mode into 
this lower frequency range that was not observed in the other two wheels. The pinwrapped 
wheel's hub rotational mode is similar to but lower than the 12-spoked model. 
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Fig. 1. 

Fig. 2. 
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Fig . 3. 
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PROJECT SUMMARY 

Project Title: LLL Materials Program for Fiber-Composite Flywheels 
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spread use of the fiber-composite flywheel by developing the necessary 
engineering-design data on fiber composites, (2) to demonstrate the 
high-energy kinetics attainable with fiber-composite materials, and 
(3) to transfer· the technology thus gained to the private sector. 

Project Status: During FY'79 the LLL materials program for fiber-composite flywheels 
has worked in the areas of matrix resins, stress rupture, static 
engineering properties, and fatigue or time-dependent engineering 
properties. We have tested the physical and mechanical properties-of 
a low-cost matrix-resin system suitable for service up to 15ooc. 
Also, we have obtained results from stress-rupture tests on ·E-glass 
at load levels of interest to flywheel designers. Lifetimes at these 
levels are longer than those of S-glass in previous tests. We have 
also measured static engineering properties on a Kevlar-49/rubberized­
epoxy* composite at 25 and 75oc. Properties did not decrease within 
this temperature range. Creep and fatigue tests have been performed · 
over a wide range of stress levels. Both input loads and material­
response strains were measured and used to correlate times to failure 
under creep and fatigue loading histories. Further development may 
provide a basis for predicting composite-flywheel structural life 
from laboratory tests. 

Contract Number: W-7405-ENG-48 

Contract Period: FY'79 

Funding Level: $310K 

Funding Source: u.s. Department of Energy, Division of Energy Storage 

*Reference to a company or product name does not imply approval or recommendation of the 
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LLL MATERIALS PROGRAM FOR FIBER-COMPOSITE FLYWHEELS* 

~. A. Rinde and Ed Wu 
lawrence livermore Laboratory, University of California 

livermore, California 94550 

ABSTRACT 

-During FY'79 the lll materials program for fiber-composite flywheels has worked in the 
areas of matrix resins, stress rupture, static engineering properties, and fatigue, or time­
dependent engineering properties. Results are reported for physical and mechanical tests of a 
low-cost matrix-resin system suitable for service up to 15ooc. Results of stress-rupture 
tests on .E-glass at load levels of interest to flywheel designers are reported for t.he first 
time. lifetimes at these levels are longer than those of S-glass in previous tests. Static 
engineering properties on a Kev"lar-49/rubberized-epoxy composite are reported for tests at 25 
and-75oc. Properties did not decrease within this temperature range. Creep and fatigue 
tests were performed over a wide range of stress levels. Both input loads and material­
response strains were measured and used to correlate times to failure under creep and fatigue 
loading histories. Further development may provide a basis for predicting composite-flywheel 
structural life from laboratory tests. 

INTRODUCTION 

The lll materials program for fiber-composite flywheels was begun in 1975 to provide 
reliable engineering-design data on composite materials specifically intended for flywheels. 
The two main criteria for material selection for this program are high performance' and 
reasonable cost. 

Since 1975, in this program we have: 
1 Generated engineering design data for Kevlar 49, 52-glass, and E-glass composites. 
1 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 a 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 52-glass composites. 
1 Conducted stress-rupture tests on Kevlar 49 and E-glass composites. 

During the past year, we concentrated our efforts specifically on new matrix resins, 
stress rupture of E-glass composites, engineering properties of a composite made with a 
rubberized resin, and composite lifetime under fatigue. 

' 
FORMULATION OF A LOW-COST MATRIX RESIN FOR HIGH-TEMPERATURE SERVICE** 

Because commercial flywheels must be of low or moderate cost, we have begun characterizing 
a low-cost cyc.loaliphatic epoxy resin cured with a liquid anhydride. This system has good 
processing properties and high-temperature performance, but will require more care during the 
filament-winding process to achieve optimum properties. Cost of the resin system is $1.15/lb 
($2.50/kg). 

. The cycloaliphatic epoxy resin used in ·this formulation offers the advantages of low 
viscosity, low cost, and high glass-transition temperature when properly cured. Because 
cycloaliphatic epoxy resin cannot be cured with amines, they are generally cured with 
anhydrides. The particular anhydride we chose to use offers the advantages of being a liquid 
at room temperature, being inexpensive, and providing good high-temperature performance. In 

*This work was performed under the auspices of the u.s. Department of Energy by Lawrence 
livermore Laboratory under contract No. W-7405-Eng-48. 
**Principal investigator: J. A. Rinde. 
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~ addition to the epoxy resin and anhydride, we have added a small amount of a liquid rubber to 
the formulation to decrease brittleness, but not enough to lower the glass-transition 
temperature significantly. The catalyst used is an imidazole that allows curing at relatively 
low temperatures and yet achieves high glass-transition temperatures. Table 1 presents the 
resin-system components and the amounts of each used. 

TABLE 1. Components of Matrix Resin System Formulated 
for High-Temperature Service 

Component Parts by weight 

Cycloaliphatic epoxy resins; CY-179 

0 
' . II 

ooc-o-cH20o 

. Liquid anhydride curing agent 

..,..0 

£(~o c ...... _ 
CH3 '0 

Flexibilizer; CTBN rubber 

-HOOC ~ (CH 2 -_CH = CH- CH2 l_x- (C~ 2 -1Hlv + COOH . 

CN 

Catalyst; 2 ethyl 4 methyl Imidazole 

100 

100 

.5 

The properties of the uncured resin are very good for filament-winding. The resin system 
has both a low viscosity and long gel time. The initial viscosity is only 0.38 Pa•s, and this 
increases to 0.72 Pa•s after 8 h at 2soc. Gel time at 2soc is 36.6 h. Gellation of the 
resin can be accomplished in 2 hat gooc, and full cure can be accomplished in 4 hat 1sooc.· 
Lower-temperature cures of this material are possible if the cure time or the catalyst 
concentration is increased. We have obtained good cures in 8 h at 12ooc or 24 h at 1oooc. 

It is well known that water affects the cure of anhydride-cured epoxy resins by reacting 
with the anhydride to form a diacid. The diacid will re·act with epoxy groups but with a 
functionality of one, whereas the anhydride functionality is two. The overall result of 
moisture is to'reduce the cross-link density of the cured epoxy and therefore the glass­
transition temperature. Because of this moisture sensitivity, mor~ care must be taken in any 

. manufacturing processes involving these resins to reduce moisture pick-up. To measure the 
effect of moisture on the properties of the cured resin, we added liquid water to the resin 
system during mixing and cast resin sheets in the normal fashion. Figure 1 shows the effects 
of adding 1.0 and.2.3% water to a anhydride-cured resin system. In this case, the 
glass-transition temperature is reduced by 20 to 2soc for each 1% water added. Also shown by 
the figure is the decrease in cross-link derisity with increasing water content. In the rubbery 
region above Tg = +400C the cross-link density is proportional to the shear modulus. 
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The tensile properties of this resin system are presented in Table 2 for temperatures from 
25 to 15ooc. These preliminary data show that the modulus decreases by a factor ·of two and 
the strength by a factor of 2.4 over this temperature range. We are performing tests to obtain 
more precise values for the tensile properties on 1500C aged and unaged specimens. 

Temperatu.re, 
·oc 

25 
100 
125 
150 

TABLE 2. Tensile Properties of Matrix Resin System of 
CY 179/CTBN/MTHPA/1MI (100/5/100/1) 
Cured 2 h at 9ooc plus 4 h at 15ooc 

Maximum 
Modulus, stress, 

GPa MPa 

2.9 70 
2.1 56 
2.0 42 
1.5 29 

Maximum 
strain, 

% 

3.1 
5.2 
3.5 
3.4 

We have measured dynamic shear modulus on the cured resin in the temperature range from 
-150 to 2500C. These measurements confirmed the trends of the above tensile resu_lts and 
extended the ,temperature range over which we observed these trends. The shear modulus is 
approximately constant, decreasing by about a factor of two as temperature went from -50 to 
15ooc. This temperature range is the region of most interest to flywheel designers. Results 
of these shear measurements are presented· in rig. 2. We see that the glass-transition 
temperature for this resin cured at 15ooc is above 2oooc. The moderate size of the loss 
modulus peak in the temperature range from -1100 to -500C shows that this resin is more 
brittle than amine-cured epoxy resins. 
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Fig. 1. Effect of Water Content on the Dynamic 
Shear !nodulus and Gl~ss-Transition Temperature 
for an Ambydride-Cured Epoxy Resin 

Fig. 2. Dynamic Shear Moduii of CY 179/CTBN/ 
MTHPA/1MI AT 1 Hz 

ENGINEERING PROPERTIES OF KEVLAR 49/EPOXY COMPOSITES* 

In a continuing effort to develop a data base for engineering design, we have 
characterized thermomechanical properties of Kevlar-49/epoxy composites. Initially, the epoxy 
system chosen was XD7575.03/XD7114/Tonox 60-40 (called epoxy A). However, because XD7575.03 
became no longer commercially available, we later substituted an equivalent system, DER 
332/Kelpoxy G293/Heloxy 68/Tonox 60-40 (called epoxy B). 

*Principal investigator: H. T. Hahn. 
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Mechanical properties of Kevlar 49/epoxy A were reported at the 1978 Annual Review.(l) 
Since ttien we have determined its thermal properties. Figure 3 shows the effect that the type 
of epoxy has on the thermal-expansion coefficients of the composite. Because the other two 
epoxy. systems shown in the fi gur~ have 1 ower gl ass-tran~ it ion temperatures (~87oc for DER 332/ 
T403 and -760C for XD7818/T403(2J) than epoxy A (~1040cl3J), the rapid increase in the 
trans'verse thermal-expansion coefficient occurs at a higher temperature for epoxy A. Up to 
sooc, .however, the transverse thermal expansion is fairly independent of epoxy type. The 
longitudinal thermal expansion is very independent of epoxy type throughout the temperature 
range_ studie9. . · 

. We determined some of the mechanical properties of Kevlar 49/epoxy B both at room 
temperature and at 75°C, which is the operating temperature expected in fl·ywheels. The 
preliminary data (Table 3) indicate very good retention of mechanical properties.at 75oc. 
Additional tests are i~ progress. 

To delineate the effect of matrix proper·ties on matrjx-cQntrolled composite strength, we 
critically examined the data available in the literature.l4,5J Because we report the details 
in reference (6), we here only summarize our conclusions: 

• The transverse and shear strengths are rather insensitive to the matrix strength. 
(Figure 4 shows the transverse-strength behavior.) Thus, failure strain can be increased by 
using a flexible resin with little sacrifice of failure stress. 

• Whereas the elastic analysis predicts the composit~-to-matrix strength ratio to be 
less than unity and to increase with the matrix strength and the fiber content for the 
composites studied, the experimental data show the opposite trend (Fig. 4). Thus, the elastic 
analysis alone is not sufficient to model the composite. H6wever, this experimental 
observation can be explained by a model based on the average constituent stresses if the matrix 
ductility is assumed to increase with lower strength. 
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TABLE 3. Mechanical Properties of 60 vol% Kevlar 49 
Epoxy Composite 

Property 

Elastic moduli, GPa 
Longitud ina 1 
Transverse 
Shear 

Strength, MPa 
Longitudinal tension 
Transverse tension 
Shear (0.2% offset) 

a66 vol% fiber. 
b7o vo 1% fiber. 

Room 
temperature 

76.0 
5.5 
Lab 

1569 
a.oa 

25.ob 

71.2 
3.1a 
1.5b 

1542 
7 .2a 

21.3b 

• When a composite fails prematurely at the interface between the fiber and matrix 
before the matrix undergoes inelastic deformation, the composite strength follows the elastic 
prediction. 

• If the fiber-to-matrix bond is strong, a matrix that is both strong and highly ductile 
will yield a higher composite strength. 

STRESS-RUPTURE BEHAVIOR OF E-GLASS/EPOXY COMPOSITES* 

Reliable long-term use of composite materials in flywheels requires that lifetime data on 
the composite be available and that the long-term behavior of the composite be understood. 
Recognizing such needs, we have been testing E-glass/epoxy strands in stress rupture. The 
epoxy system is DER 332/T403, and a strand contains about 2050 E-glass filaments. 

Table 4 shows the status of our stress-rupture tests as of mid-July, 1979. Five different 
stress levels were chosen for study. The higher stress levels are necessary to generate 
lifetime data within a short time, and we expect the lowest to yield information about possible 
endurance limit. Tests are complete at 86 and 78% UTS, and no failure has yet occurred at 60 
and 40% UTS. 

The lifetime data shown in Fig. 5 were analyz.ed by using a two-parameter Weibull 
distribution of the form 

R(t) exp [- ( t~rl 
TABLE 4. Results (to Date) of Stress-Rupture Testing 

of E-Gl ass/Epoxy Strands · 

Ongoing tests 
App 1 i ed Total No. Last Elapsed 
stress: of No. of fa i 1 ure time, Shape 
% UTsa specimens failures time, h h parameter 

86 40 40 0.681 
78 66 66 0.267 
70 50 31 2051 4968 0.277 
60 50 0 b 4968 b 
40 50 0 -b 2736 -b 

aAverage ultimate tensile strength. 
bNo failures yet; testing is continuing. 

*Principal Investigator: H. T. Hahn. 
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Fig. 5. Comparison of Lifetime Data for Composite Strands, where the Curves 
Represent 1% (Left) and 99% (Right) of Failures 

where R(t) is the probability of lifetime greater than or equal to t. The shape parameter a 
and the· characteristic lifetime to were determined by the method of maximum likelihood at 
each stress level, and the results are given in Table 4. For comparjson Fig. 5 also shows the 
1-to-99% failure bands of S-glass/epoxy and Kevlar 49/epoxy strands.l7-9~ The stress-rupture 
behavior of E-glass/epoxy at the stress levels studied differs from those of the other materials 
in that the shape parameters are much smaller than unity, indicating a failure rate that 
decreases with time and large scatter. 

The decreasing failure rate can be explained by the following failure process. Cracks 
created by fracture of weak fibers can grow either normal or parallel to the fibers. Initially, 
these cracks are more likely to grow normal to the fibers, leading to a catastrophic failure. 
In such cases, the failure rate is high. After the initial period of·possible normal-crack 
propagation, the cracks tend to grow parallel to the fibers, thereby relieving stress 
concentrations on the neighboring fibers. Thus the failure rate of specimens that survive td 
this period is lower because the ultimate failure is a result of stress rupture of fibers 

. without stress concentrations. Over the entire life span, therefore, the failure rate decreases 
with time. 

Once an E-glass/epoxy strand survives the initial period of high failure rate, it 
out performs S-glass/epoxy at the same.fraction of UTS (Fig. 5). Two factors seem to be 
responsible for such behavior in our testing. First, the E-glass/epoxy strands used were much 
larger than the S-glass/epoxy strands, i.e., -2050 filaments versus -200 filaments. Second, 
the test environment for the E-glass/epoxy was controlled better than for the S-glass/epoxy; 
the maximum relative humidity during testing was only 20% for the E-glass/epoxy but was about 
twice as high for the S-glass/epoxy. The larger size and lower humidity allow much less 
moisture concentration at the fiber/matrix interface of the E-glass/epoxy strands. Therefore, 
the E-glass/epxoy will outlive the S-glass/epoxy because water _accelerates crack growth in 
glass through stress-corrosion. This conclusion is borne out by the excellent stress-rupture 
resistance of the E-gl ass/epoxy .strands at 60% UTS. 

Our study of stress-rupture behavior thus far indicates that the long-term lifetime of 
E-glass/epoxy at low stresses in a controlled environment can be much larger than expected from 
short-term lifetimes at high stresses. Because a flywheel is. run in a vacuum, the problem of 
stress-corrosion does not exist in service. It seems possible that E-glass/epoxy can be used 
more effectively in vacuum than in a moist environment. 
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Creep and creep rupture Fig. 6. Mechanical Tests Performed 
to Determine the Time-Dependent 
Behavior of Kevlar 49 Composites in 
the Tension-Tension Mode . Ramp loading . . . . ..·· . . . . ... ·· . Fatigue . . . ..· . . . . . . . 

Time-

FATIGUE LIFETIME OF KEVLAR 49 COMPOSITES* 

Knowledge of time-dependent deformation and strengths is essential for the design of 
flywheels to ensure minimum dimensional change, maximum dynamic stability, and long-term safety 
of operation. Kevlar 49 composites are among the most important candidate materials for 
flywheels. Many engineering materials (e.g. most metals and composites of graphite) are 
independent of time and stress rate, and therefore their life can be predicted by 
cumulative-damage relations in terms of the number of service cycles (i.e. the S-N curves). 

In contrast, Kevlar composites are significantly time-dependent in both fiber-controlled 
and matrix-controlled properties. To predict the life of Kevlar composites, we must extend 
conventional fatigue-analysis techniques to account for dependence on time and history. Such 
extension needs an adequate data base in conjunction with formulation of realistic theory and 
analysis. In this program, we are providing all·of these. 

We are characterizing the time-dependent properties of Kevlar 49 composites in the fiber 
direction by fitting test results to equations of viscoelasticity. Tests being conducted are 
illustrated in Fig. 6. Creep compliances are obtained from static-weight tests. The onset of 
nonlinearity depends on both stress level and loading rate, and we are identifying it by 
comparing creep tests and ramp loading tests at seve·ral loading rates. We are using low­
frequency fatigue tests (1Hz) to identify the effects of cyclic stress history on the composite 
deformations and lifetimes. By comparing the fatigue data with our stress-rupture data, we will 
obtain the design curves that can be used to estimate composite lifetimes in accordance with 
current engineering practice (e.g., curves of S-N or stress vs number of cycles to failure). 
We are also exploring a theoretical cor-relation via the damage-function formulation in an 
attempt to increase the utility of these fatigue data to generalized applications. 

A second part of our fatigue program is to test small Kevlar 49 rings by tension-tension 
load cycling at the stress levels expected in operating fiber composite flywheels {i.e., 50 to 
75% of UTS). We believe that this cyclic test simulates the ring-type flywheel and that the 
test results will be useful as a direct estimate of flywheel structural performance. 

In our work we are relating materials-response properties to the input loads. In this 
manner, we not only produce immediately usable engineering data; we also lay the groundwork for 
a.generalized failure theory for fiber composites. Much of our effort and resources have been 
directed toward the instrumentation and data-acquisition systems necessary to measure the 
strain responses of the composite. Examples of the creep responses are shown in Fig. 7 for 
nine samples, loaded to creep level of 88% of UTS. In Fig. 7, the vertical lines are the 
abrupt strain increases due to sample failures. We can readily observe the scatter of failure 
times and the strain increase immediately preceding failure. We performed 36 ·such creep:. 
rupture tests at four stress levels (80, 84, 86, and 88% of UTS). Also,· we are performing 20 
additional creep tests at lower stress levels. ·These tests have been proceeding for over four 
months, and they have not yet reached rupture. 

*Principal investigator: E. M. Wu. 
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Time- h 

Fig. 7. Creep Strain and Distribution of Failure Times of 
Creep-Rupture Tests (at 88% of Static Ultimate Strength) 

Typical data recorded for a fatigue test are shown in Fig. 8. Figure 8(a) is the strain 
history induced by a square~wave fatigue such as is shown in Fig. 6; we can observe strong 
time-dependent effects in the creep and recovery during loading and unloading. One such 
complete strain history is recorded every 100 cycles up to failure. Figure 8(b) is the 
envelope of the maximum and minimum strains for the.-fatigue cycles. We can observe a creep 
superimposed on the fatigue and, most importantly, a notable strain increase immediately 
preceding failure. · 

We conducted fatigue tests at five load levels (50, 65, 75, 80, and 88% of UTS) and 
recorded associated data. Extensive recording of detailed materials responses for creep and 
fatigue is unique to this program; preliminary analysis of these data suggest encouraging 
potentials in engineering design. First, in Fig. 9, we pre~ent 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). Under our test cond1tions, conventional theory of linear damage accumulation 
(i.e. Miner's rule) would predict the time to failure under fatigue loading to be twice the 
time to failure under creep. This would be the prediction because, in the square-wave fatigue, 
the sample is loaded only half of the time. Figure 9 shows that this prediction is not 
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supported by our data, where the fatigue time to failure is shorter, instead of longer, than 
the creep time to failure. Our interpretation is that, for a time-dependent Kevlar composite, 
the life under one load history cannot be used to predict the life under another load history 
when only the load-input information is available. The practical consequence is that if 
laboratory data collection is limited to recording the load input without also recording the 
material response, the laboratory data will not yield satisfactory predictions of the life of a 
composite flywheel under a given service loading history. However, including the recorded 
materials response in the data analysis yields much improved correlations. Figure. 10 shows the 
cumulative strain {the response) at failure vs. the time to failure for creep and fatigue. We 
can observe a general merging of both the creep-rupture and fatigue data. This indicates to us 
that monitoring both the load input and the materials responses yields data that can be used to 
predict life under general-service loading. 

We also observed interesting results from the simulated structural-fatigue test of the· 
rings. The loading fixture is a split "D" fixture. We applied axial cyclic loading (1 Hz) at 
50% of UTS. In this configuration, most of the ring is under cyclic tension but the point at 
ttie-·spfit-rs··u-nder- a -complex contact stress concentration~- We estimate this test to s imu I ate 
the contact stress where a spoke attaches to the rim in an actual flywheel. We have tested 
five rings in this manner and periodically monitored the strain. The rings were tested up to 
106 cycles and did not fail. They were subsequently tested at a slow loading rate until 
failure. (The times to failure for this final destructive test were on the order of 10 h.) We 
observed two important phenomena: After 106 cycles at 50% load, the residual strength 
decreased slightly, by approximately 5%. Also, strain accumulated as in the tension tests, and 
the material exhibited significant strain recovery when cycling loading was interrupted. The 
effect of the strain recovery on the life of the ring is now being explored. 

In s.unmary, in the fatigue life-time program we have collected a significant and 
comprehensive amount of creep-rupture and fatigue data. These include recordings of both the 
load input~ and the materjal-response strains. Correlation I.Jetween life-times under different 
load histor~es appeared to be possible with these aata. Further development may provide the 
basis of predicting flywheel structural life from laboratory testing. We have also conducted 
structural testing of rings to simulate rim-type flywheel stress states to bridge the gap 
between laboratory tests and flywheel applications. 

REFERENCES 

1. J. A. Rinde, Materials Program for Fiber Composite Flywheels, Lawrence Livermore Laboratory, 
Rept. UCRL-81724 {1978). 

2. L. L. Clements and R. L. Moore, "Composite Properties of an Aramid Fiber in a 
Room-Temperature-Curable Epoxy Matrix," SAMPE Quarterly 9, 6 (1977). 

372 



3. J. A. Rinde, E. T. Mones, R. L. Moore, and H. A. Newey, An Epoxy Resin-Elastomer System for 
Filament Winding, Lawrence Livermore Laboratory, Rept. UCRL-81254 (1978). 

~. R. M. Christensen and J. A. Rinde, Transverse Tensile Characteristics of Fiber Composites 
with Flexible Resins: Theory and Test Results, Lawrence Livermore Laboratory, Rept. 
UCRL-79983 (1977). 

5. J. B. Snell and J. N. Schurb, "Scotchply Prepregs for Flywheel Applications," in Proc. 1975 
Flywheel Technology Symposium, U.S. ERDA document 76-85 (1975), p. 203. 

6. 

7. T. T. Chiao, J. K. Lepper, N. W. Hetherington, and R. L. Moore, "Stress-Rupture of Single 
S-Glass/Epoxy Composites," J. Composite Mat. 6, 358 (1972). 

8. T. T. Chiao, J. E. Wells, R. L. Moore, and M. A. Hamstad, "Stress-Rupture Behavior of 
Strands of an Organic Fiber/Epoxy Matrix," in Composite Materials: Testing and Design (Third 
Conference), ·ASTM Special Technical Publication 546 (American Society for Testing and 
Materials, Philadelphia, 1974) p. 209. 

373 





Project Title: 

Principal Investigator: 

Organization: 

Project Goals: 

Project Status: 

Contract Number: 
1 

Contract Period: 

Funding Level: 

Funding Source: 

PROJECT SUMMARY 

"High Energy Density Flywheel" 

David L. Satchwell 

AiResearch Manufacturing Company of California 
2525 West 190th Street 
Torrance, California 90509 
(213) 323-9500 

Fabricate two flywheel rotors, for later test, which have an 
energy density of 80 Wh/Kg . 

. The contract is completed. Two 80 Wh/Kg rotors are ready for 
t~sts that will be conducted on a later contract. 

AT(29-1)-789 

August 1978 - May 1979 

$267,759 

Sandia Laboratories, U.S. Department of Energy, 
Division of Energy Storage Systems 

375 



HIGH-ENERGY-DENSITY FLYWHEEL 

David L. Satc~well 
AiResearch Manufacturing Company of California 

2525 W. !90th Street 
Torrance, California 90509 

ABSTRACT 

This paper describes the design and fabrication of a flywheel rotor with an energy 
density of 80 'Wh/kg. The design features a multi-ring, 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 using spoked aluminum hubs. 
These aluminum hub flywheels have been successfully tested to energy densities of 53 
Wh/kg. The use of high-strength-to-weight graphite composite material in place of the 
aluminum material significantly reduces the weight of the rotor assembly and thereby 
increases the energy density. Graphite epoxy composite is chosen for the hub because of 
its high modulus of elasticity, because of its light weight, and because of its high 
ultimate flexural strength. 

The hub consists of multiple slats, alternately bonded one upon another to form a 
four-spoke hub with rigid cruciform shape. Hub testing was conducted on three hub 
sections 19.5 inch dia. by 1 inch thick; and consisted of compression testing across one 
opposite set of spokes to determine "the location, mode, and load at failure. Two hubs 
were cycled to an increased stress level that is equivalent to a full-~ ife test. Two 
complete assembled rotors were made available for testing in a following phase. 

INTRODUCTION 

A flywheel has been designed and fabricated by Garrett-AiResearch to demonstrate 
a high energy density of 80·w-hr/kg in the rotor. This is a SO% increase over existing· 
flywheel rotors. The rotor design consists of a multi-ring, sub-circular, S-glass/epoxy 
composite and Kevlar/epoxy composite material rim that is mou.nted on a_,star hub o.f 
graphite composite material (see Figure 1). This work is being performed under a coniract 
with the Sandia Laboratories for the Department of Energy, Division of Energy. Storage 
Systems. 
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TWO INNER S-2 GLASS EPOXY COMPOSITE

FIVE MIDDLE KEVLAR-29 EPOXY COMPOSITE

EIGHT OUTER KEVLAR-49 EPOXY COMPOSITE

15 RINGS

((

1 q

SUBCIRCULAR
GRAPHITE COMPOSITE RIM
CRUCIFORM HUB S 30450

Fig. 1  Flywheel Rotor Configuration

Because of its multiring design, the rim can accommodate the radial stresses caused

by centrifugal forces.  Upon assembly, the rim is distorted from its round shape so that
when placed on an oversized star hub, the forces resulting from the rim trying to assume
its round shape hold it onto the hub.  The graphite/epoxy composite material hub has a
small cross section and is very light, yet can withstand the forces imposed on it.

Two flywheel rotors have been fabricated that meet the above specifications, prod-
ucibility studies have been completed, and a test plan has been written for a 100 cycle
test with deceleration from 28,800 rpm to 9,500 rpm at a 37 kw power level.

MATERIALS SELECTION AND HUB FABRICATION PROCESS PROOF

Rings were made of S-2 Fiberglass/epoxy composite and of Kevlar-49 and Kevlar 29/
epoxy composite.  The epoxy matrix material, DOW DER 332, was qualified by hydrostatic
testing of 19 inch diameter rings.  Figure 2 is a photograph of the hydrostatic test
fixture used to determine modulus of elasticity from tests of ring stretch vs. internal
pressure.  Ultimate strength data also was obtained on the test rings by bursting them
in the fixture. Placement of the test ring in the fixture is shown in Figure 3.
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Fig. 2. Hydrostatic Test Fixture 

Fig. 3. Hydrostatic Test Section 
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The hub, made of a graphite/epoxy composite, was fabricated by Structural Composites 
Industries, Inc. of Azusa, California. Graphite composite is chosen for t~is application 
because of its modulus of elasticity of 18 X 10 6 psi, its 1 ight weight of 0.05 lb/cu. in., 
and its ulti mate flexural strength of 210 , 000 psi. The combination of these properties 
allows reducing the hub weight from 22.5 lb for an aluminum hub to 6.5 lb for the graphite 
epoxy composite hub. 

Three 1 inch axial length test hubs were fabricated to prove the fabrication process, 
and to allow testing of a hub under axial compress ion. These 1 inch test hubs are made 
from 15 slats stacked to form a 19.5 inch diameter rigid cruciform hub. Figure 4 is a 
photo of the graphite slat, and Figure 5 is a photo of the 1 inch test hub. 

Fig. 4. Slat with Peal Ply in Place 

Fig. 5. 1 Inch Test Hub 

379 



Two hubs were cycled to simulate 100 speed cycles between full speed and 33 percent 
speed. The cycle tests were completed with no deterioration, and the stress strain 
·slope remained constant through the tests. These hubs were tested in compression 
along the axis of the spoke to det~rmine failure strength, and failure mode (see 
Figure 6). The hub failed in splitting between fibers near the spoke tip at 37,350 
psi, four times the stress that will be imposed during the operational cycle. 

Fig. 6. Hub Compression Test 
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DESIGN 

During operation, the rim is subjected to tangential (hoop ) stresses , bending stresses 
and shear stresses. The tangential stresses are caused by the high centrifugal forces. 
The bending stresses are caused by the change in curvature of the r im over the spoke tips 
as the ri m changes diameter under operation. The maximum hoop stress of 165.8 ksi occurs 
in the 8th ring at maximum speed. This stress is 92 percent of the design allowable of 
180.0 ks i. 

The maximum bending stress of 21.5 ksi, which is 60 percent of the design allowable 
of 36.0 ksi, also occurs in the 8th ring, but this stress occurs at zero speed, the 
condition of greatest rim out-of-roundness. Therefore, the maximum values of hoop and 
bending stresses do not occur together. 

In addition to the above loads, the innermost ring is subjected to loads at the spoke 
tip interface. A radial compressive force is developed between the rim and the spoke t ip. 
This force is shown as a function of operating speed and rim material modulus in Figure 7. 
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Fig. 7. Spoke Tip Radial Force 

• DESIGN SPEED 28800 RPM 
• LIFT OFF SPEED 30240 RPM (105%) 
• KEVLAR COMPOSITE DENSITY 0.049 LB / IN3 
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The peak radial force is 8500 lbs per unit axial length at 22,800-rpm. The average 
compressive stress in the inner ring due to this force is 5.7 ksi. This is 50 per cent 
of the design allowable compressive stress. 

The hub supports the flywheel rims and must transfer all transient and steady loads 
to and from the rim. Another load on the hub is its own centrifugal load. The variation 
with rotational speed of the steady stress at the tip section and the root section is 
given on Figure 8. For the root, ·the maxim~m tensile stress of 81.5 ksi occurs at 28,800 
rpm. This stress is well below the expected 180 ksi fatigue limit for 10 4 cycles at a 
stress ratio of 0. l. The highest compressive stress of 9.7 ksi occurs in the tip at 
20,000 rpm. This stress which is 4 percent of the ulti mate strength is expected to be 
well below the required fatigue limit at 10 4 cycles. 
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Fig. 8. Spoke Stress Variation wi th Speed 

A detailed finite element analysis has been performed at the spoke tip to determine 
the magnitudes of the local stresses. Because of the relatively low transverse s.trength 
of the unidirectional graphite epoxy hub, it is important to ensure that the compressive 
forces at the spoke tip result in transverse stresses that do not exceed the allowable 
strength. 

Combining the radial forces, the bearing area available, the selected rim-to-hub 
interference, and material properties, allows the geometry of the spoke tip to be deter­
mined, as shown in Figure 9. 
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Fig. 9. Hub Tip Profile 

HUB AND RIM FABRICATION 
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Two 9ssembled rotors, as pictured in Figure 10, have been fabricated. 

Fig. 10. Two Assembled Rotors 
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The hub was fabricated by Structural Composites Industries, Inc., using the methods 
developed and proven on the one inch hub sections. The rim is similar to the 
one developed for a vehicular propulsion system (see Figure 11) . 

• 

Fig. 11. Flywheel RimModules 

The hub slats were molded from multiple layers of pre-preg graphite fiber tape. 
Individual slats were stacked into a cruciform shape in an assembly mold. The stack 
was loaded to a pressure at a specified stack height, and heated to cure the adhesive 
bond. 

Each rim was wound individually on acyl indrical aluminum mandrel. The roving was 
run at a controlled tension and the fiber volume fraction was kept within the range of 
71-75 percent. Each ring was gel led after winding. Each successive ring was wound upon 
the preceeding ring. The rim was removed from the mandrel and made ready for assembly 
upon the hub. 

The rotor was assembled in the fixture shown in Figure 12. The rim was stretched 
squarish so that the diametral measurement at the spoke was enlarged enough to allow 
the oversized 4-spoke hub to be placed inside of the ri m. The ram pressure was lowered, 
allowing the rim to spring tight upon the hub. 

384 



S#

t

4. 44
24  -

I.      2/ -
\

4 4 .1, e
1 R;... , ·                    „,  a./ /....'./ .

4 /«160/.:VIT ...  .....

F·30344

Fig. 12. Assembly Fixture

PRODUCIBILITY AND COST ANALYSIS

The costs and processes involved in the production of the flywheels were analyzed.
Cost-effectiveness is affected mainly by the design configuration, by scaling for economic
use of materials, and by effective tooling and production techniques.  Table 1 summarizesthe cost/producibility results.

TABLE 1. Flywheel Rotor Production Cost

1984
1979 Cost, S Cost, S

Cost Element 100/yr 1000/yr 10,000/yr 10,000/Yr

Material 370.44 342.52 232.68 169.17

Labor:

Hub 1560.00 748.00 62.40 62.40

Rim 1872.00 249.60 74.88 74.88

Total
5/unit 3802.44 1340.12 369.96 306.45
Total

tooling, S 37,500 110,500 525,000 525,000
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TEST PLAN 

The flywheel rotors produced under this contract are ready for test under a separate 
contract. The test will consist of 100 cycles from 9,500 rpm to 28,800 rpm and back to 
9,500 rpm at 37 kw power. 

The AiResearch test facility shown in Figure 13 is capable of performing testing to 
this flywheel to demonstrate the energy density of 80 Wh/kg. 

Fig. 13. Composite Flywheel in Test Facility 
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PROJECT SUMMARY 

Project Title: "Composite-Laminate Flywheel-Rotor Development Program" 

Principal Investigator: Satish V. Kulkarni 

Organization: 
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Contract Period: 

Funding Level: 

Funding Source: 

University of California, Lawrence Livermore Laboratory 
P.O. Box 808, Mail Stop L-338 
Livermore, CA 94550 
FTS 532-7128 

To develop a practical and economical prototype high-energy 
density, composite-laminate rotor for hybrid flywheel/electric/ 
ICE vehicles and stationary applications. In terms of energy 
density, the objective is to obtain 88-Wh/kg (40 Wh/lb) at 
failure with an operational range of 44-55 Wh/kg (20-25 Wh/lb) 
·and an energy storage capacity of approximately 1 kWh. 

The program is being conducted at the Lawrence Livermore Lab­
oratory (tapered thickness 'Stodola' rotor concept) and the 
General Electric Company (a-ply constant-thickness rotor con­
cept). The LLL effort has been in the following three areas. 

Proof-of-concept: (a) redesign of the 'Stodola' rotor by edge 
thickening and filament winding of ring around the disc to in­
crease energy density; (b) develop a modified layup pattern to 
increase the strength anisotropy of quasi-isotropic laminates; 
and (c) fabricate 52-glass and graphite/epoxy tapered-thickness 
rotors. 

Design/test correlation studies: (a) perform tests on various 
52-glass, graphite and Kevlar-49/epoxy quasi-isotropic lami­
nate coupons to obtain design data and determine the laminate 
strength anisotropy; (b) spin test 52-glass, graphite and 
Kevlar-49/epoxy constant-thickness rotors to establish a rela­
tionship between design data and failure speed; and (c) evalu­
ate these rotors non-destructively to determine damage accumu­
lation during spinning. 

Materials and processes: (a) utilize the matched metal­
die-compression molding process for fabricating rotors; and 
(b) investigate the feasibility of making low-cost rotors from 
structural sheet-molding compounds. Joint cooperative programs 
have been established with Owens-Corning and PPG Fiberglass in 
this area. 

During FY 1980, the above mentioned tasks will be continued. 

W-7405-ENG-48 

FY 1979 

$520K (Total for LLL and GE) 

U.S. Department of Energy 
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COMPOSITE-LAMINATE FLYWHEEL-ROTOR DEVELOPMENT PROGRAM* 

Satish V. Kulkarni 
Lawrence Livermore Laboratory, University of California 

Livermore, CA 94550 

ABSTRACT 

The composite-laminate flywheel program is being conducted at the Lawrence Liver­
more Laboratory (LLL) (tapered thickness 'Stodola' rotor concept) and at the General 
Electric Company (alpha-ply constant-thickness rotor concept). The major thrust of the 
FY 1979 LLL program was directed towards identifying the pacing issues and implementing 
the steps undertaken to improve the performance of the rotor. To that end, the follow­
ing tasks were initiated: (1) redesigning the 'Stodola' rotor to increase the energy 
density; (2) testing laminate coupons to establish the degree of strength anisotropy of 
various quasi-isotropic laminates; (3) spin testing of constant-thickness composite­
laminate rotors to establish a relationship between design data and failure speed; (4) 
developing a matched-metal-die compression-molding process to fabricate thick, 
high-fiber volume, low-void-content composite panels; and (5) exploring the feasibility 
of manufacturing low-cost rotors from structural sheet-molding compounds. The progress 
to date in each of these areas is reported here. 

INTRODUCTION 

The Lawrence Livermore Laboratory (LLL) and the General Electric Company (GE) have 
been involved since 1977 in the development of fiber-composite flywheels. It has been 
concluded from these studies that a most promising rotor design is a disk composed of a 
number of laminae of fiber-composite materials oriented at different directions. The 
emphasis at LLL is on the tapered-thickness disk; GE is investigating an alpha-ply disk 
with a rim overwrap. 

The objectives of this program are to develop the technology for high-energy den­
sity, fiber-composite flywheels based on the laminated disk concept and to demonstrate 
a prototype for a practical flywheel of this design. Our goal is a working energy den­
sity in prototype wheels of approximately 50 Wh/kg with a capacity of 1 kWh. We also 
expect to demonstrate model wheels failing at energy densities of about 88 Wh/kg. From 
a practical design viewpoint, the approach is to optimize the total flywheel-energy 
system with respect to weight, volume, manufacturability, and economy. 

This effort consists of three primary subtasks: (1) design/analysis, (2) materials 
and processes/fabrication, and (3) test and evaluation. Only the LLL program will be 
discussed here; the progress of the GE effort is reported elsewhere in this proceedings. 

BACKGROUND 

Progress during FY 1978 has been reported in Refs. 1 and 2 and is summarized here. 

DESIGN/ANALYSIS 

A uniform-strength, graphite/epoxy, quasi-isotropic, laminate-composite, 'Stodola' 
disk was designed. 

*This work was performed under the auspices of the U.S. Department of Energy by Law­
rence Livermore Laboratory under contract No. W-7405-Eng-48. 
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A finite-element analysis of a truncated, graphite/epoxy, 'Stodola' rotor was 
conducted to determine the stress redistribution resulting from the truncation and to 
determine the magnitude of interlaminar stresses. 

MATERIALS AND PROCESS/FABRICATION 

A l-in. thick, high-strength, Celion* 6000/5213 graphite/epoxy (0/+45/90), 
quasi-isotropic laminate was fabricated by Babcock & Wilcox, Alliance, Ohio, by 
utilizing the vacuum-bag/press-molding technique. 

Bonding of hub was accomplished by Lord Corp., Erie, Pa., by employing elasto­
meric interlayers. 

Precision machining of rotor to the tapered thickness profile was done at LLL. 
Figure 1 shows the rotor with the hub attachment. 

TEST AND EVALUATION 

Spin testing of rotor was performed at Johns Hopkins University, Applied Physics 
Laboratory. Table 1 indicates the diagnostics of the spin test. The energy density 

Fig. 1. Tapered-Thickness Graphite/Epoxy Quasi-Isotropic Composite-Laminate Rotor. 

TABLE 1. Diagnostic of Tapered-Thickness, Celion 6000/5213, 
Graphite/Epoxy Flywheel Test 

Predicted failure speftd 
Predicted energy density 
Actual failure speed 
Actual energy density 
Predicted maximum straina at 50,000 rpm 
Actual maximum strain at failure 
Failure strain from (0/+45/90) 

laminate test (along 0° layer) 
Failure strain from (0/+45/90) 

laminate test (at-22.5° to 0° layer) 

50,000 
54 Wh/lb 
36,000 rpm 
28.4 Wh/lb 
0.0102 
0.0062 
0.0095 

0.0066 

*Reference to a company or product name does not imply approval or recommendation of 
the product by the University of California or the U.S. Department of Energy to the ex­
clusion of others that may be suitable. 
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obtained was about half the predicted value. Also, the actual strain at failure 
(0.0062) was in close agreement with that obtained from the off-axis laminate test 
(0 .0066). 

SUMMARY OF EFFORT DURING FY 1979 

Because of the lower-than-expected performance of the 'Stodola' rotor, the program 
tasks were evaluated critically and certain pacing issues were identified. These areas 
of concern are listed below: 

• Truncation of infinite 'Stodola' rotor reduces efficiency. 
• Finite-element analysis may not accurately predict interlaminar stresses. 
• Thick laminate technology is in an infant stage. Vacuum bag/press-molding 

process is not amenable to a low-cost production type environment. 
• Machining of rotor is a time-consuming (and expensive) task requiring tight 

tolerances. Also machining of a built-up composite part is contrary to the concept of 
building from scratch to avoid material waste. 

• Quasi-isotropic laminates are not isotropic in strength (see Fig. 2). Hence 
full-strength potential of laminate is not fully realizP.d. · 

• Effect of biaxial stress field on laminate strength is not fully understood 
(also see Fig. 2). 

• Both material and manufacturing costs are high. 
• Incomplete understanding of rotor/shaft dynamics leads to premature failures 

during testing. 
• Failure mode is catastrophic for graphite/epoxy. 
• Test diagnostics are inadequate. 
Effort during FY 79 was directed primarily towards addressing these issues. 

DESIGN/ANALYSIS 

To increase the rotor efficiency, the rotor edge was thickened to "buy" back mass 
(Fig. 3a). Figure 4 illustrates that the energy density for the graphite/epoxy rotor 
can indeed be increased about 5-10% by this approach. 

(a) 

(b) 

0 -
r 

0 

0 ult = ? 

0 ult > 0 1 ult 

Fig. 2. Certain Features of Quasi-Isotropic Composite-Laminate Strength. (a) Strength 
Anisotropy. (b) Effect of Biaxial Stress. 
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Fig. 3. Design Modifications to Improve Rotor Efficiency. (a) Edge Thickening. 
(b) Containment of Rotor in a Ring. 
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Fig. 4. Variation of Energy Density with Edge Thickening of Rotor. 

If, in addition to the edge thickening, the rotor is contained in a filament-wound 
ring of a higher specific modulus than the disk (Fig. 3b'), the following would be the 
added advantages: 

• A compressive pre-stress would be induced in the disk. 
• A benign failure mode can be precipitated in the ring. 

Such a "hybrid(3)oncept is also being employed by GE for the constant-thickness alpha-
ply flywheels. Parametric finite-element studies conducted for chopped-fiber 
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rotors contained in Kevlar-49 and graphite/epoxy rings demonstrate the validity of this 
concept. 

A finite-element mesh, which follows the tapered thickness profile (Fig. 5a), can 
determine the average values of interlaminar stresses (•rz• in this case). A pre­
ferred approach would be to utilize a mesh that follows the lamination pattern shown in 
Fig. 5b. An increase in the magnitude of 'rz by about 10% has been obtained by 
using the parallel meshing. 

An investigation of the failure characteristics of quasi-isotropic composite 
laminates has also been initiated. This study is being conducted at Villanova 
University, Villanova, Pa. The specific items to be addressed are: 

• Anisotropic failure characteristics of quasi-isotropic composite laminates. 
• Effect of biaxial stresses on failure strength. 
• Treatment of interlaminar stresses in failure analysis of composite flywheels. 
• Influence of stacking sequence on damage initiation and propagation in laminated 

composite rotors. 

MATERIALS AND PROCESSES/FABRICATION 

The major thrust of this subtask in FY 1979 has been in the areas of (1) fabri­
cating by the matched-metal-die compression-molding process, continuous-fiber S2-glass, 
Kevlar-49, and graphite/epoxy panels for both coupon testing and machining constant and 
tapered-thickness rotors and (2) exploring the feasibility of making low-cost rotors by 
utilizing structural sheet-molding compounds. 

Initially, 52-glass/epoxy and graphite/epoxy laminates were made by 3M Co., St. 
Paul, Minnesota, and Bahcock Wilcox, Alliance, Ohio, respectively, by using a vacuum 
bag/press-molding process. The thin panels were used for obtaining design data. Con­
stant thickness rotors (see Figs. 6 and 7), which were machined from thick laminates, 
were spin tested to establish a relationship between failure speed and laminate test 
data. Test data are given in Tables 2 to 4. 

Test diagnostics of the tapered-thickness graphite/epoxy rotor (see Table 1) 
suggest there are two avenues open to further improve the performance of laminated-disk 
rotors: (1) to increase the basic strength of the composite and (2) to reduce the 
strength anisotropy of the laminate. 

With regard to the first option, the logical approach is to utilize a fabrication 
process that will result in laminates with a high fiber-volume fraction and a low void 
content. The matched-metal-die compression-molding (MMDCM) process (as opposed to the 

Fig. 5. 
Meshing. 

a 

FLYWHEEL WITH CONTOUR MESHING 

b 

FLYWHEEL WITH PARALLEL MESHING 

Finite-Element Meshing for Tapered-Thickness Rotor. 
(b) Flywheel with Parallel Meshing. 

(a) Flywheel with Contour 

392 



Fig. 6. Constant-Thickness Graphite/Epoxy 
Quasi-Isotropic Composite-Laminate Rotor. 

Fig. 7. Constant-Thickness 52-Glass/Epoxy 
Quasi-Isotropic Composite-Laminate Rotor. 

TABLE 2. Summary of Test Data for Various Quasi-Isotropic Composite Laminates 

Material 
Layup 
pattern a 

Celion 6000/5213 [90/0/~45]d 
Graphite/epoxy 

Ce lion 6000/5213 [90/0/~45] d 
Graphite/epoxy 

Celi on 6000/5213 [90/0/30160/ 
Graphite/epoxy -30/-60Jd 

Celion 6000/5213 
Graphite/epoxy 

3M 5P-250 
52-Glass/epoxy 

3M 5P-250 
52-Glass/epoxy 

3M 5P-250 
52-Glass/epoxy 

3M 5P-250 
52-Glass/epoxy 

3M 5P-250 
52-Glass/epoxy 

3M 5P-250 
52-Glass/epoxy 

3M 5P-250 
52-Glass/epoxy 

[ 90/0/30160 I 
-30/-60Jd 

[90/0/~45]d 

[go;o;~45]d 

[90!0I30L60I 
-30/-60Jd 

[90/0/30160/ 
-30/-60Jd 

[0/80/160/240/ 
320/40/120/ 
200/280]e• f 

[0/82/163/245/ 
327/49/131/ 
213/2~5/16/ 
98]e• 

[0/82/163/245/ 
327/49/131/ 
213/295/16/ 
98]e• f 

Ply 
thickness 
(mi 1 s) 

6.3 

6.3 

6.1 

6.1 

8.5 

8.5 

8.4 

8.4 

7.5 

7.6 

7.6 

Nominal 
fiber-volume 
fraction 

-0.6 

-0.6 

-0.6 

-0.6 

-0.55 

-0.55 

- 0.55 

-0.55 

-0.65 

· ~ 0.65 

-0.65 

a All laminates are symmetric with respect to the ~idplane. 
b With reference to a fiber direction. 
c Average of five tests. 
d Vacuum-bag/press-curing (VB/PC) fabrication method used. 
e Matched-metal-die compression molding (MMDCM) process used. 
f Alpha-ply quasi-isotropic laminates (see Ref. 3). 
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Test 
directionb 
(deg) 

0.0 

22.5 

0.0 

15.0 

0.0 

22.5 

0.0 

15.0 

10.0 

8.2 

8.2 

Modulus 
(msi) 

7.37 

7.55 

7.66 

7.48 

3.2 

3.4 

3.3 

3.35 

4.8 

4.4 

4.1 

Poisson 
ratio 

0.32 

0.26 

0.32 

0.33 

0.30 

0.32 

0.30 

0.31 

0.33 

0.29 

0.28 

Ultimate 
strengthC 
(ks 1) 

69.6 

50.0 

74.1 

50.4 

83.8 

43.9 

70.8 

48.6 

79.5 

64.4 

60.5 

Ultimate 
strain 
(%) 

0.98 

0.67 

0.91 

0.69 

4.2 

1.6 

2.9 

2.0 

1.6 

1.6 

1.7 



TABLE 3. Shear Strengths of 52-Glass/Epoxy 
Compos i te Laminate Made from MMDCM Process 

Laminate Test 
Ultimate strengthsa 
( ksi) 

[0] 
[.!_45]s 

Short-beam shear 
Uniaxial tension 

11.5 (interlaminar) 
14.0 (in-plane) 

aAverage of five tests. 

TABLE 4. Test Data Summary of Various Constant-Thickness, 
Quasi-Isotropic Laminate Rotors 

Pred ict ed Actua l Energy 
Nominal fa il ure fa i lure 0 max density 
thickness Diam. speed speed at fai lure at f ailure 

Material Lay-up ( in.) (in . ) (rpm) (rpm) (ksi) (Wh / lb ) 

Gr / Ep 0/~4 5 / 90 0.285 12.3 53,500 44 ,sou a 4Y 16.5 

Gr/Ep 0/~45/90 0.285 13.5 48,800 48,200 69 23. 4 

S-G/Ep 0/~45/90 0.42 16 35,100 3o,ooob 

S-G/Ep 0!~30/~60/90 0.42 16 37,100 3o ,oooa 

S-G/Ep 0/~45/90 0.42 15 39 ,900 

S-G/ Ep 0!~30!~60/90 0. 42 15 42,200 

K-49/ Ep 0/+22.55/+45/ 
~67.5/90 - 16 

a Ro tor failu re attribu ted to shaft failure . 
b Test purpose ly st opped to conduct non-des tructive eva lu ation . 

conventional, vacuum-bag, autoclave-curing process) appears to be ideally suited for 
this purpose and offers the advantages of: 

• High volume production. 
• Excellent part reproducibility. 
• Low labor requirement per unit produced. 
• Minimum material scrap. 
t Excellent design flexibility (simple to complex shapes). 
• Fully mechanized production capabilities. 

This process has not been extensively used to date for fabricating fiber/epoxy-resin 
composites for aerospace applications because of the following reasons: 

• Capital investment for the mold is high . 
• Release of part from the mold when using epoxy resins is difficult. 
• The motivation for obtaining the optimum strength as a function of increasing 

fiber-volume fraction did not exist. 
The aerospace industry typically util i zes the autoclave-curing process where the 

applied pressures are of the order of 100 to 150 psi. One approach to increase the 
fiber-volume fraction is to increase the curing pressure (-300 to 500 psi). It is not 
practically feasible to obtain these pressures in an autoclave. Hence the MMDCM process 
was used. 
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Also, it should be borne in mind that an increase in fiber-volume fraction will 
result in an increase in the density of the composite. Based on analytical calcula­
tions, the increase in strength more than compensates for the incrP.nSe in density. 
Furthermore, there is an optimum fiber-volume content beyond which the composite 
strength will actually decrease. In this regard, care must be taken to avoid exces­
sive bleeding of the resin. 

For the present program, three steel molds were fabricated by Ewald Associates, 
Detroit, Michigan, for the purposes of molding laminates of different sizes and 
thicknesses. In this manner, the scale-up of the process could be accomplished in a 
methodical manner. Also, special mold-release film was used to facilitate release of 
the part from the mold after curing. 

As mentioned earlier, the second option available for increasing the energy density 
is to modify the lay-up pattern to reduce the strength anisotropy. The various laminate 
lay-up or stacking patterns are indicated in Fig. 8. The optimum pattern depends on the 
trade-off between the through-the-thickness locnl nnrl global laminate-strength aniso­
tropy. Such an optimum lay-up pattern has been used in the fabrication of the thick 
laminates. 

In summary, nine thick 52-glass/epoxies and high-strength graphite/epoxies (Celion 
6000/5213) are being molded presently for the following purposes: 

• To demonstrate an energy density of 40 Wh/lb (proof-of-concept). 
• To compare matched-die compression molding and vacuum-bag low-pressure press-

molding processes. 
• To assess the edge-thickening effect. 
• To determine the effect of various lay-up patterns. 
The strength anisotropy of quasi-isotropic laminates indicates that the most 

optimum use of materials is achieved for a random orientation. Thus randQm)chopped­
fiber composites are possible candidates for flywheel applications. Datat4 for 
l-in., chopped, 52-glass/polyester sheet-molding compound (SMC) with 65% weight of fiber 
show a tensile strength of 35 ksi. The potential exists to increase this value further 
to about 45 ksi. This is comparable to the off-axis strengths of some continuous-fiber 
quasi-isotropic laminates (see Table 2). In addition, the low material and 
manufacturing costs provide the motivation to use these materials. 

Joint cooperative programs have been established with Owens-Corning Fiberglass 
Corp., and PPG Fiberglass Co. during FY 1979 to develop high-fiber-content, chopped 

• Single pattern through the thickness 

0/60/-60 

• Single pattern rotated through-the-thickness 

0/60/-60, X+ 0 , X+ 20 , etc 0 0 0 --- .-
X 

• All layers having different orientations 

• Layup symmetric WRT mid-plane only 

• Layup symmetric locally as well as WRT mid-plane 

Fig. 8. Various Quasi-Isotropic-Laminate Lay-up Patterns for the Flywheel Rotor 
Configuration. 

395 



52-glass SMC (ultimate strength objective: 45 ksi) and to utilize the MMDCM process to 
fabricate constant- and tapered-thickness rotors in a single step. 

Two steel molds are currently being made for LLL by Gaugler Industries, Kent, Ohio, 
for molding these rotors. The actual molding process will be developed jointly with 
Owens-Corning. 

It is also important to identify the areas of concern associated with the use of 
SMC and MMDCM. . 

t The curing process may induce residual stresses and internal cracking. 
• Appropriate placement of charge (SMC sheets) in the mold is necessary to insure 

adequate flow and material homogeneity. 
• Fatigue/creep of SMC (partially alleviated by outer ring) may occur. 
In summary, the design goal is to obtain low-cost, moderate-energy-density rotors. 
Finally, since the "hybrid" (disk/ring) design is being actively considered, 

another processing area being investigated both by LLL and GE is the direct filament 
winding of the outer ring on the disk. 

TEST AND EVALUATION 

In FY 1979 these activities consisted mainly of testing various composite laminates 
to obtain design data and spin testing constant-thickness rotors. 

In addition, the objectives of testing various quasi-isotropic laminates were to 
establish degree-of-strength anisotropy and to determine the improvements in laminate 
properties by utilizing the MMDCM process. 

Table 2 shows the test results for the laminates made from both the 
vacuum-bag/press-curing and the MMDCM processes.(5) These data demonstrate the 
following: 

• The laminates are quite anisotropic in strength. 
• A major improvement in the modulus and strength of 52-glass epoxy laminae can be 

obtained by using the MMDCM technique. 
The cured ply thickness is a measure of the increase in fiber-volume fraction. 

Table 3 shows the in-plane and interlaminar strength of the 52-glass/epoxy laminates. 
The high values attest to the superior quality of the laminates. This process has been 
utilized for graphite/epoxy test panels and scaled up for molding 1-in.-thick 52-glass 
and graphite/epoxy laminates. The ultimate measure of the adequacy of this will be, of 
course, determined by the increase in the energy densities of laminated disc rotors. 

Spin testing of constant thickness rotors was conducted primarily to establish a 
relationship between laminate data and failure speed and to ascertain the effect of 
biaxial stress on strength. 

The results of the spin tests (conducted at GE, Schenectady, N.Y.) are tabulated 
in Table 4. It is clear that the confidence level in predicting failure speeds has im­
proved. Also, a moderately high value of energy density (23.4 Wh/lb) was obtained for 
one of the graphite/epoxy rotors. Figure 9 illustrates the failed rotor in the spin 
test chamber. 

Because of the laminar nature of composite laminates and the existence of a strong 
phase (fiber) and a weak phase (matrix), fabrication defects are commonplace. 
Sometimes, these defects have an adverse effect on performance. Consequently, all the 
laminates were evaluated nondestructively by utilizing the ultrasonic C-scan procedure. 
The objectives .were to detect manufacturing defects (interlaminar debonds) after fabri­
cation, to detect flaws resulting from machining and handling, and to detect damage 
accumulation in rotors after spinning to a predetermined rpm. 

For the graphite/epoxy rotor (Table 4), no significant damage was detected after 
spinning it up to 35,000 rpm. However, for the 52-glass/epoxy rotor, damage was evident 
after 30,000 rpm. 

During spinning, the laminated composite rotor is subjected to a biaxial state of 
stress, and the effect of biaxial-stress field on laminate strength is not fully 
understood. Ideally, the spin test is the best suited to obtain failure under a 
biaxial-tensile test. However, it is expensive to conduct such a test and to obtain 
sufficient data points to develop a certain confidence level. Alternative test methods, 
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Fig. 9. Remnants of the Failed Constant­
Thickness Graphite/Epoxy Rotor in a Spin­
Test Chamber. 

such as the pressurized tube and the cruciform section, also have some major disadvan­
tages. Consequently, a new test fixture is currently being designed at LLL. This fix­
ture consists of a circular specimen in which a biaxial-stress field is generated by 
applying radially-outward loads. 

ADDITIONAL EFFORT IN FY 1979 

In addition to the subtasks related to the laminated composite rotor, the following 
programs were initiated in FY 1979: 

DESIGN GUIDE FOR COMPOSITE MATERIAL FLYWHEEL DYNAMICS 

The analyses to be performed for this study at the University of Oklahoma, Norman, 
Oklahoma, include a continuum analysis of the composite-material flywheel rotor itself 
to obtain natural frequencies of various vibrational modes; and a system analysis of the 
flywheel system, including rotor supports, flywheel shaft, and some features of the 
driving system (both cantilever and end supports). 

EVALUATION OF BIDIRECTIONALLY WOVEN COMPOSITE MATERIALS FOR FLYWHEELS 

The objective of this program at AVCO Systems Division, Wilmington, Mass. is to 
assess, by analysis and test, the potential of bidirectionally (radial and circumfer­
ential) woven composite materials for flywheels. 

FATIGUE TESTING OF COMPOSITE LAMINATES 

This activity was initiated primarily in response to the recommendations of the Jet 
Propulsion Laboratory (California Institute of Technology) Review Board investigating 
the Garrett AiResearch NTEV (Near Term Electric Vehicle) flywheel failure. It consists 
of three separate tasks: (1) 52-glass/epoxy [0] laminate tension/tension fatigue tests 
(Boeing/Vertol, Philadelphia, Pa.); (2) Kevlar-29/epoxy [0] laminate tension/tension 
fatigue tests (GE, Space Division, Valley Forge, Pa.); and (3) Kevlar-49/epoxy ring 
tension/tension fatigue tests (Garrett AiResearch). 

52-glass and Kevlar-29/epoxy composite test panels are being filament wound at LLL. 

COMPOSITE CONTAINMENT STUDIES 

Important aspects of the composite flywheel design problem are the failure of the 
rotor and the associated safety requirements. Consequently, a rational approac~ for the 
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design of the containment must be evolved. To that end a program has been initiated 
at GE Space Division, Valley Forge, Pa. to assess the applicability of jet-engine 
fan-blade containment technology to flywheel containment. 

PLANS FOR FY 1980 

Effort during FY 1980 will essentially involve either the completion or the con­
tinuation of the ongoing tasks. However, the emphasis will shift from exploratory 
development to the testing of prototype rotors. These spin tests will include rotors 
developed under Sandia sponsorship. Also, studies in the containment area will be 
augmented~ 

SUMMARY 

The status and progress of the composite-laminate flywheel-rotor development 
program during FY 1979 have been described. A critical evaluation of the effort was 
made initially, and certain pacing issues and areas of concern were identified. Appro­
priate steps were undertaken to address these issues. It is believed that improvements 
and modifications made in the design/analysis, processing/fabrication, and testing area 
will lead to the realization of the project goals. 
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LAMINATED FLYWHEEL DISC WITH FILAMENT WOUND OUTER RING 

R. P. Nimmer 
Corporate Research and Development 

General Electric Company 
Schenectady, New York 12301 

ABSTRACT 

Lustenader and Zorzi( 1) have shown that the energy density of a laminated composite fly­
wheel can be improved if an outer ring of unidirectional composite is added to the rotor. In 
addition, they established the existence of an optimum thickness for the outer ring which pro­
vides maximum energy density. The current work expands upon this basic concept and encompasses 
the design, fabrication, test and evaluation of such a flywheel as a high energy density, 
mechanical energy storage unit. Analysis of this design concept has identified failure criteria 
as well as potential advantages and disadvantages dependent upon material choice. Parametric 
design studies have been conducted to evaluate the impact of mechanical property variation upon 
the available energy density. A laminated 52-glass disc with a filament wound, graphite outer 
ring has been identified as offering the highest potential energy density for this design con­
cept. The hydroclaving technique has been applied to manufacture laminated 52-glass discs with 
void contents of 1.6%. Computer controlled filament winding has been applied for fabrication of 
the unidirectional outer rings. Burst tests to date have been conducted on laminated 52-glass 
discs without outer rings indicating energy densities in the 30 - 40 Wh/Kg (15 - 18 Wh/lb) range. 
Improved material and addition of filament wound outer rings are expected to raise these values. 

INTRODUCTION 

The composite flywheel concept currently under consideration of the General Electric Company 
and illustrated in Figure 1 is a hybrid design using a laminated central disc with a unidirec­
tional outer ring. The laminated composi~~ disc received high ratings in the s~rvey of design 
concepts conducted by Huddleston, et al .t J 9gd has also been pursued by Hatcht J, 
Rabenhorstt4J and Kulkarni, Stone and Tolandt J. High energy storage per unit swept out volume 
and f9vorable dynamic characteristics are among its most often cited advantages. Lustenader and 
Zorzit1J have illustrated that the energy density of such a flywheel could be substantially im­
proved with application of a unidirectional composite outer ring. The current program addresses 
the design, fabrication, test and evaluation of sue~ a "flywheel. 

DESIGN AND ANALYSIS 

Several different composite materials have been examined for application in the hybrid disc­
ring composite flywheel. Since some of the material combinations require interference fits be­
tween the components, the effect of this interference parameter upon achievable energy density 
has also been investigated. In addition, the impact of mechanical property variability in the 
composite material has been examined from the standpoint of its impact upon energy density. 
Since the flywheels designed and built in this program are flat, one-inch-thick discs, an ortho­
tropic plane stress analysis has been applied. 

LAMINATED E-GLASS DISC WITH KEVLAR-49 OUTER RING 

The first material combination considered analytically was made up ·of a laminated, E-glass 
centtal disc with a filament wound Kevlar-49 outer ring. Based upon considerations of thermal 
contraction the interference parameter 6 for this analysis was set at 0.002 where 
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- 1:::. 0 \ 
o = Ro (1) 

and o is the interference dimension and R0 is the outside radius of the ring. The composite 
material properties pertinent to the analyses in this paper are collected in Table 1. The 
optimization curves for this baseline design are presented in Figure 2, which plots the energy 
density at burst for four specific failure criteria versus the ratio of inside to outside radii 
of the ring. The first failure considered is an a-disc fracture in biaxial tension and fiber 
breakage at its center. Second, the unidirectional outer ring could fail circumferentially 
through fiber breakage. Alternately, the outer ring could fail transversely. Finally, the outer 
ring could simply spin away from the inner disc. 

Considering these four modes of failure, it becomes apparent that the a-disc strength and 
the radial ring strength govern the operating envelope for the E-glass Kevlar-49 design. Analy­
sis indicates that the optimum inside to outside radius ratio for the outer ring is approxi­
mately 0.85, and the corresponding energy density at burst for this design is approximately 26.5 
Wh/lb. This is a 30.7% improvement in predicted energy density over an E-glass disc without a 
Kevlar-49 outer ring. It is noteworthy also that the interface pressure between disc and ring 
(at rest) for this optimized design is only about 2300 psi. The limiting value for this inter­
face stress is considered to be 7400 psi for the Kevlar ring. Finally, it is interesting to note 
that, as previously mentioned, for sufficiently thin outer rings (RI/R0 > 0.95) no separation 
will occur. For thicker rings, analysis indicates that a shrink fit is necessary to prevent 
separation within the wheel's operating range. 

The interference fit chosen for the design of this hybrid wheel has a definite impact upon 
the attainable energy density. Figure 3 describes the variation in the baseline design which can 
be achieved by changing the interference fit between the disc and the ring. It can be seen from 
Figure 3 that the energy density at burst for the shrink fit parameter 6 = 0.001 is 10% less than 
the attainable energy density for the baseline design with 6 = 0.002. Increasing the inter­
ference parameter from 6 = 0.002 to 6 = 0.003 adds only about 4% in energy density. The benefit 
of increasing the shrink fit above 6 = 0.003 becomes increasingly less rewarding, since the 
breakage of the circumferentially wound fibers in the ring now begins to govern, largely off­
setting the improvements in the radial stress distribution of the ring. It should be pointed out 
that on the basis of ease in fabrication, an interference parameter on the order of 8 = 0.002 
seems desirable. 

In addition to the interference fit, the relative stiffnesses of the disc and the ring also 
play a vital role in the design's performance. To prevent separation, the ring should be made of 
a material with a larger specific circumferential stiffness (ELIP) than the disc. However, the 
longitudinal stiffness of Kevlar-49 composite can vary depending upon the fiber volume fraction 
achieved in winding. With this point in mind, analyses show that if the longitudinal moduli of 
the Kevlar-49 ring is reduced 10% to 10.8 x 106 psi, from the 12.0 x 106 psi assumed in the design 
characterized by Figure 2, then the resulting energy density is reduced 13%. 

Another material property which may vary based on the winding technique applied to ring 
fabrication is transverse strength. This property can also play a role in performance optimiza­
tion. However, parametric analyses indicated that the expected variation in transverse strength 
would result in only about a ± 4% variation in attainable energy density with respect to the 
baseline design of Figure 2. 

LAMINATED 52-GLASS DISCS WITH KEVLAR-49 OR GRAPHITE OUTER RINGS 

In order to improve the stored energy density of this flywheel design, 52-glass was also 
examined as a candidate for the laminated central _disc. In laminated form with an a-9 stacking 
sequence, the 52-glass offers almost 34% more strength than the E-glass as measured by standard 
tensile test. Since energy density is directly proportional to strength-to-density ratio, this 
could mean a substantial improvement in flywheel performance. On the other hand, the laminated 
52-glass disc is also about 20% stiffer than the laminated E-glass. This increased stiffness has 
a detrimental effect upon the failure of the flywheel due to separation of disc and ring. 

In order to quantify these effects, an optimization analysis was also applied to a hybrid 
flywheel design consisting of a laminated 52-glass disc with a circumferentially wound outer ring 
made of Kevlar-49. Results of this analysis indicated that although the 52-glass disc offered 
higher energy-density levels than the E-glass, an interference parameter of o = 0.003 would be 
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required to attain a 20% improvement in energy density by application of a Kevlar-49 outer ring. 
As can be seen from Fig. 2, application of a Kevlar-49 ring to an E-glass disc resulted in a 30% 
increase in energy density while also allowing smaller interference fits (8 = 0.002). Finally, 
the longitudinal stiffness of the Kevlar-49 outer ring would have an even more substantial effect 
upon the 52-glass Kevlar-49 hybrid flywheel's performance. 

Since an outer ring made of a material with a larger specific modulus (E/p) than Kevlar-49 
could significantly improve the hybrid flywheel's performance, filament wound graphite epoxy was 
considered as an alternative material for use in the outer ring. The disc-and ring properties 
used in this design optimization are also displayed in Table 1 and the resulting design curves 
are shown in Fig. 4. The performance of the hybrid flywheel with graphite ring characterized in 
this figure is substantially different than the flywheel with a Kevlar-49 outer ring. First, the 
predicted energy density is substantially higher, approaching 88 Wh/Kg (40 Wh/lb). At the same 
time, lower i~terference fits can be used, thus simplifying assembly procedure. An interference 
parameter of o = 0.001 was used in this analysis. However, as can be seen from Fig. 4, sub­
stantial energy densities can be reached without any interference fit if the outer ring is de­
signed with an inside-to-outside radius ratio greater than 0.78. 

FABRICATION 

LAMINATED 52-GLASS DISCS 

Material quality is always an important consideration in any structural member. For fly­
wheels, quality as measured by strength-to-density ratios translates directly to improved energy 
density. In addition, the previously discussed design analysis illustrated the impact of stiff­
ness on the performance of the hybrid disc-ring flywheel. As a result, product quality has been 
closely monitored during this program. Consideration has been given to fiber-volume content, 
void fraction, and product uniformity of the wheels. In addition, fundamental gel characteristic 
data has also been measured to insure similar cure and resulting quality in scaled up wheels to 
be manufactured later in the program. 

The laminated 52-glass discs under consideration are one-inch thick with nine or eleven inch 
outside diameters and are fabricated with the hydroclaving technique. Variation in thickness has 
been held to ± 0.002 inch. During a typical hydroclaving cycle the laminate disc is first held 
under a vacuum at elevated temperature. For relatively thick discs, it is felt that this method 
more efficiently eliminates the voids caused by trapped air and solvent vapor than the platen 
pressure applied during compression molding. Furthermore, in the second phase of the hydroclaving 
process, heat and hydrostatic pressure are applied to the laminates through a heat-and-pressure 
transfer medium in a compounding tank. This approach enhances uniformity of thick laminates in 
comparison to compression molded discs. After lay-up and cure, the unmachined discs are elasto­
merically bonded to an aluminum hub. The outer diameter is then machined using the hub as the 
center and the flywheel disc is dynamically balanced to within 0.25 gm-cm. Twenty laminated 
discs have been produced to date. 

A number of these laminated wheels have been subjected to destructive tests to determine 
fiber-volume content, void fraction and uniformity. Uniform, quality material has been attained 
in both the 10 and 12-inch discs. Void content has been held below 2% and the photomicrographs 
in Fig. 5 illustrate the marked improvement in this area with respect to previous l-inch thick 
laminated discs manufactured with compression molding techniques. The 48% fiber volume content 
attained is perhaps 4 - 5% less than what might be expected from compression molding of thinner 
laminates and can probably be explained in terms of the lower pressures (- 100 psi) applied during 
consolidation with hydroclaving in comparison to compression molding. 

FILAMENT WOUND OUTER RINGS 

The outer rings for the hybrid flywheel will be filament wound on mandrels with the use of 
computer controlled filament winding equipment. Details of the process used to produce these. 
rings are given in Ref. 6. The void content in the Kevlar-49 rings ran from 4.5 - 5.5% while the 
void content in the graphite rings was measured as 0.95%. The relatively large void content of 
the Kevlar-49 rings in comparison to the graphite can be attributed to better wettability of the 
graphite fibers. Vacuum bagging of the Kevlar-49 ring during cure did not appear to improve the 
void content. The fiber volume fraction for the Kevlar-49 rings has been measured as 69 - 70% 
while the ftber volume fraction for the graphite is approximately 63%. The photomicrographs of 
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Fig. 6 compares the cross section of a filament wound.Kevlar-49 ring with the cross section of a 
ring manufactured from preimpregnated Kevlar-49 tape. The superiority of the filament wound pro­
duct in terms of fiber volume content is already visible. This sort of quality improvement trans­
lates directly into higher circumferential stiffnesses and strengths, both vital ring character­
istics previously discussed in the design analysis. 

TESTING 

The spin-pit facility used in this program is instrumented to collect a variety of data. 
The RPM-time history is monitored digitally as well as recorded on a strip chart. A second 
strip chart simultaneously displays the time histories of turbine RPM, tank vacuum pressure and 
shaft orbit magnitude. Tests are generally conducted at vacuum levels of 50 to 100 ~ of mercury. 
In addition, an attempt is being made to photograph failure of the flywheels. Breakage of thin 
wire wound on a shroud surrounding the flywheel is designed to set off a photographic flash 
during failure. 

Six spin tests have been conducted to date and the associated test results are presented in 
Table 2. Three of the tests involved laminated 52-glass discs without outer rings and three have 
involved laminated graphite discs supplied by the Lawrence Livermore Laboratories. One of the 
52-glass tests terminated. in a system failure associated with the air turbine bearings and is not 
considered indicative of a flywheel failure. The highest energy density attained with a laminated 
52-glass test was 40.1 Wh/Kg (18.2 Wh/lb). One of the graphite wheel tests was nondestructive. 
C-scans were taken of the wheel before and after spinning the wheel to 35,000 RPM. Comparison of 
the results of these C-scans revealed no noticeable damage accumulating in the wheel at this level. 
The flywheel was subsequently broken at 48,200 RPM reaching an energy density of 51.5 Wh/Kg (23.4 
Wh/lb). The initial results displayed in Table 4 for both the 52-glass and the graphite laminated 
discs, indicate tip speeds attained to date in experiment are less(Gban the levels that were 
originally expected. For the 52-glass, it was originally expected J that a disc without holes 
should reach approximately 884 m/s (2900 f/s). This corresponds to roughly 52 Wh/Kg (24 Wh/lb) 
energy density. These predictions were fundamentally based upon the assumption that failure 
would occur when the stress in the center of the disc reached a level sufficient to break fibers 
at that location. 

The lower failure speeds of the laminated 52-glass discs tested to date, and the presence of 
very fibrous debris after wheel bursts seem to call initial assumptions with regard to failure 
mechanisms in the laminated 52-glass flywheels into question. Although initial estimates with 
respect to the ultimate strengths and speeds of these wheels were based upon the assumption that 
the wheel would fail when fibers were broken, burst tests to date have resulted in very fibrous 
debris indicating minimal fiber breakage. Figure 7 compares debris from an elastomerically 
bonded 52-glass test with debris from a previous test made on an E-glass disc with bolted attach­
ments. In two of the 52-glass tests, failure was associated with a rapid decrease in turbine 
speed as shown in Fig. 8. It has been hypothesized that this effect is a result of a sudden in­
crease in the flywheel's moment of inertia. In this light, failure modes associated with matrix 
damage must be considered more closely. It is experimentally established that matrix damage 
occurs at stress levels substantially less than the ultimate stress during tensile tests of 
laminated coupons. This matrix damage in laminae oriented at an angle to the loading direction 
can be identified by a change in the Young's modulus of the laminate. The approximate stress 
level at which such damage occurs can also be identified with classical laminate analysis. The 
effect of such matrix damage upon a flywheel disc at relatively low tip speeds must be called 
into question. 

The presence of the balanced biaxial stress state at the center of the disc, forces the 
stresses in the individual layers of the disc to be identical throughout the thickness. As a 
result, all of these laminae will fail transversely at the same average stress level. A classi­
cal laminate analysis of an 52-glass disc reveals that the matrix at the center of the disc will 
begin to experience transverse failure at a balanced biaxial stress of only 134 MPa (19 ksi). 
This corresponds to a tip speed of approximately 387 m/s (1271 f/s). Of itself, this matrix 
failure is not catastrophic since it is extremely localized in nature. The fibers still carry 
load through the center and are "potted" in undamaged epoxy farther out along the radius of the 
disc. However, as the wheel accelerates from 387 m/s the area of matrix failure will spread out 
from the center over larger areas of the laminated disc. Eventually, the region of matrix failure 
may spread over a region substantial enough to cause the ultimate failure of the disc - either as 
a result of associated wheel imbalance and shaft failure or as a result of final, rapid damage 
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propagation to the edge of the disc. 

Although this sort of failure criterion is consistent with the debris observed to date, 
additional information is still required to measure its validity. C-scan information will be 
utilized in an attempt to identify this type of failure. It appears that in the nondestructive 
test of the graphite wheel, a speed high enough to initiate substantial matrix damage may not 
have been attained before the second C-scan. If such damage does indeed contribute to the 
failure of laminated flywheels, a more flexible resin or stiffer fibers could help alleviate the 
problem. · 

CONCLUSIONS 

The hybrid disc-ring flywheel design has been analytically optimized for maximum energy 
density. Parameter studies have been made to establish effects of mechanical property variation. 
The 52-glass disc with graphite outer ring appears most attractive from these analyses. Quality 
fabrication of both laminated 52-glass discs and filament wound Kevlar-49 and graphite outer 
rings has been achieved. Tests are underway to experimentally determine achievable energy density 
levels with this design. Initial results indicate that matrix damage of the laminated disc 
should pe closely considered. 
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TABLE 1 
MATERIAL PROPERTIES USED IN ANALYSIS 

o-9 E-Giass Disc Properties 

E = 2.6 X 106 psi 
v = 0.3 

0biaxial ult = 70 ksi 
p = 0.066 lb/in3 

Kevlar-49 Outer Ring Properties 

EL = 12.0 X 106 psi 
E,- = 0.7 X 106 psi 

vLT = 0.35 
o = 190 ksi 

l ult 
o = 1.6 ksi 
T u~ = 0.05 lb/in3 

o-9 52-Glass Disc Properties 

E = 3.05 X 106 psi 
v = 0.264 

0biaxial ult = 85 kSi 
3 p = 0.066 lblin 

Unidirectional Material Properties for 
Typical Graphite Epoxy Composite 

EL = 21 .0 X 106 psi 
E,- = 1.4 X 106 psi 

"LT = 0.3 
0L max = 259 ksi 
0T max = 7.0 ksi 

p = 0.056 lb/in3 

RDC-23151 -59 

TABLE 2 
TEST DATA SUMMARY 

OUTSIDE TIP SPEED ENERGY DEN. 
DIA. AT BURST AT BURST 

STACKING em m/s Wh/Kg 
MATERIAL SEQUENCE (in) (f/s) (Whllbl 

52-Glass (0/-45/45/901 22.54 760 40.1 
-Epoxy (8.8) (24951 (18.21 

<:.?-~lac' a 9t 22.61 7J~ J1 .a 
-Epoxy (8.81 (22301 (14.51 

52-Glass a·9t 22.54 619 26.6 
-Epoxy (8.81 (20321 (12.11 

Graphite (0/90/45/-451 31 .1 725 36.3 
-Epoxy (12.251 (2378) (16.5) 

Graphite (0/90/45/-451 34.3 628* 27.4* 
-Epoxy 113.5) (20611 (12.421 

Graphite (0/90/45/-45) 34.3 862 51 .5 
-Epoxy (13.51 (28271 (23.41 

t " {; Angle Between Fibers of Adjacent Plioo 

{; 90 _ 90 
n 

*Nondestructive Test 
RDC-;!3151-60 

406 



PROJECT SUMMARY 
''-

Project Title: 11 Low Cost Flywheel Demonstration 11 

'rincipal Investigator: David W. Rabenhorst 

Organization: Applied Physics Laboratory 
The Johns Hopkins University 
Johns Hopkins Road 
Laurel, Maryland 20810 
301/953-7100 

Project Goals: Demonstrate feasibility of producing flywheels for $50 per kwh, 'or 
better. 

Project Status: 

Contract Number: 

Contract Period: 

Funding Level: 

Funding Source: 

Develop low loss. 1uny lif~ ~~~rings. 

Demonstrate low cost flywheel and low loss bearings in a complete 
energy storage system. 

Project was successfully completed on May 31, 1979, and all goals were 
satisfactorily achieved. The principal recommendation was for the 
engineering development of a full scale home-sized flywheel energy 
storage system. · 

EC-77 -C-01-5085. 

, FY 1978 and 1979 

$355,190 

U. S. Department of Energy, Division of Energy Storage Systems 

I 
\ '.' •' 

' \ 
\ 

:\ \ 

,! ' 

. 407 



r 

.DEMONSTRATION OF A LOW COST FLYWHEEL IN AN ENERGY STORAGE SYSTEM 

David W. Rabenhorst 
Applied Physics Laboratory 

The Johns Hopkins University 
Laurel, Maryland 20810 

ABSTRACT 

The Applied Physics Laboratory has been engaged for the past eighteen months in a program 
for the Department of Energy involving the development of very low cost flywheels, such as those 
which would be used in individual home or factory energy storage systems. A significant part of 
this program also included the development of low loss, long life bearing systems. 

The flywheel development explored a number of promising low cost materials and produced 
flywheel configurations which were projected for a large scale production cost of about $50 per 
kilowatt hour. Wh1le this is comparable to the initial cost of competing lead-acid batteries, 
it is noted that, unlike the batteries, the flywheel would not have to be replaced several times 
during the life of the syste~. 

The bearing systems evaluated were based upon the use of otherwise conventional ball bear­
ings which were arranged in special configurations so as to minimize their requirements for size 
and rotation speed. Bearing configurations were demonstrated which exhibited losses of the order 
of one watt per one hundred pounds of flywheel. 

The success of this program warrants consideration of proceeding with a full scale system 
demonstration, based upon the design projections of the subject program. 

INTRODUCTION 

The Applied Physics Laboratory of The Johns Hopki~s University (APL) ·has been engaged for 
the past ten years in a variety of programs dealing with modern flywheel technology, flywheel 
component and system design, flywheel applications, and the study of various flywheel programs 
in the United States and throughout the world. During the course of these programs it was con­
cluded that many important flywheel applications would depend upon the development of very low 
cost flywheels and flywheel system components. It was noticed that most of the flywheel research 
programs throughout the world were aimed at the development of flywheels capable of high energy 
to weight ratios and energy to volume ratios, with relatively little concern for the energy per 
unit cost that would justify the use of the flywheels in these applications. At the Applied 
Physics Laboratory emphasis was placed on the development of flywheel configurations having a 
very low cost potential. And here it should be noted that a low cost flywheel not only involves 
very low cost flywheel materials, but also very definitely requires consideration of simple, low 
cost fabrication procedures. 

The APL/Department of Energy low cost flywheel demonstration program was initiated on· Octo­
ber 1, 1977, and was brought to a successful conclusion on May 30, 1979. Total cost of this pro­
gram was $355,190. All primary objectives were successfully achieved as follows: A full-size, 
1000 watt hour flywheel was demonstrated which had an estimated cost in large volume production 
of approximately $50. per kilowatt hour. A ball bearing system was developed whose total losses 
were comparable to the total losses in a totally magrietic suspension system. The low cost fly~ 
wheel was successfully and repeatedly demonstrated in a complete flywheel energy storage system 
based upon the use of ordinary house voltage and frequency. The experience gained in the hard­
ware program was used to project the system design into a complete full-scale 30 kwh home type 
flywheel energy storage system. 

DISCUSSION OF APPLICABLE FLYWHEEL CONFIGURATIONS 

The Laboratory had been experimenting with two flywheel configurations which appeared to 
offer significant possibilities in the area of very low cost flywheels. The first of these was 
called the pseudo-isotropic or quasi-isotropic disc flywheel. The basic configuration of this 
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flywheel is illustrated in Figure 1, where it can be seen that the flywheel is composed of alter­
nate layers of unidirectional composite material arranged precisely so that the resulting overall 
composite exhibits an isotropic stress capability in the plane of the flywheel. The most obvious 
1dvantage of the pseudo-isotropic configuration is the fact that it has a very high energy per 
1nit volume, inasmuch as it occupies 100% of the spinning swept volume of the flywheel. It was 
uelieved that a second major advantage was the overall simplicity of fabrication of this type of 
configuration; however, it was subsequently determined that the fabrication of the pseudo­
isotropic flywheel material was quite labor-intensive, and therefore involved higher fabrication 
costs than was initially believed to be applicable. 

Another problem was that for a given energy level, the pseudo-isotropic disc flywheel would 
have to spin at approximately twice the rotational speed of a wound flywheel configuration. The 
system studies had shown that anything that could be done to reduce the effective rotational 
speed of the flywheel, and particularly of the rotating bearing elements, would constitute an ex­
tremely important cost-reduction factor over the 10-year life cycle of a flywheel energy storage 
system. Also, since the design intent for optimum economy in the pseudo-isotropic flywheel is 
to equalize the stress throughout the flywheel disc, it follows that the failure would be cata­
strophic. This catastrophic failure releases all of the energy in the flywheel at essentially 
the same time, which is considerably more difficult to contain than in·the case of the wound 
bare filament flywheel failure, where the failure is distributed over a much greater time. This 
is illustrated dramatically in Figure 2. Here we see the failure effects on two steel contain­
ment rings made from one-quarter inch cold rolled welded steel. The fragments of the ring in 
the background result from a single spin test to destruction of an eleven pound pseudo-isotropic 
flywheel containing a total energy of only 300-watt hours. The ring in the foreground made from 
the same material to the same general construction, is one which has survived more than 50 bare 
filament flywheel tests to destruction, many of which were at a much greater energy to weight ra­
tio and total energy than was the pseudo-isotropic flywheel involving the ring in the foreground. 

The flywheel configuration selected as having the most desirable features for the very low 
cost flywheel is the wound bare filament configuration illustrated in Figure 3. Here it can be 
seen that, since all of the bare wound filaments are lihed up nearly precisely with the tangen­
tial force field, and since these tangential stresses vary as the square of the radius from the 
center of rotation, it is theoretically impossible for all of the tangential filaments to fail 
at the same time. This fact has been proven repeatedly through dozens of spin tests of this bare 
filament flywheel configuration. 

The absence of the matrix material throughout most of the flywheel also serves to improve 
the material use efficiency in the flywheel fabrication. Like in other wound flywheel configu­
rations, the performance is also related to the relationship between the inside wound diameter 
and the outside wound diameter of the flywheel. Maximum performance is achieved when the ratio 
of inside to outside diameters is unity. If the inside wound diameter were zero (that is, a 
wound solid disc), then the performance of the flywheel is exactly one-half of what it would be 
in the case of unity ratio. 

Since the wound portion of the flywheel is a relatively thin ring, it was necessary to de­
velop a suitable hub arrangement to permit the connection of this ring to the flywheel metal 
attach hub and rotating shaft. The requirement that the hub be capable of surviving at least 
as high a rotational speed as the wound filament without the presence of these filaments was 
easily met with hubs made from birch plywood. It was found that tapering plywood hub provided 
additional structural efficiency of the hub material, by allowing a reduction in its weight and 
associated cost. In the final configuration the plywood hub arran~ement accounted for about 
four or five percent of the total weight of the flywheel. The metallic hub, which was used to 
provide the junction with the flywheel shaft, was bonded to the cellulosic hub by means of a 
suitable elastomeric bonding process. The elastomeric material readily accommodated the differ­
ence in expansion rate (due to rotation) between the metal hub and the cellulosic hub. 

The inner flange of the metallic hub was arranged to be adjusted radially in any direction 
in order to permit shifting the spin axis of the flywheel in the direction of imbalance, in or­
der to achieve proper spin balance of the entire assembly. Once the correct location was estab­
lished, the inner movable flange was epoxied in place. The installation of the flywheel in the 
energy storage system involved the use of a relatively long thin flexible shaft which could 
easily accommodate any residual imbalance resulting from the initial balancing procedure. Cost 
studies of this configuration showed that in large scale production the target of $50. per kilo­
watt hour of the fabricated flywheel could be readily achieved. 
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APPLICABLE LOW COST FLYWHEEL MATERIALS 

The primary requirement for the low cost flywheel material is of course strength to weight 
per unit cost. which translates simply to energy per unit cost. However. while this is clearly 
the most important requirement. there are certain other requirements which must be met in any 
material considered for low cost flywheel application. and many materials were eliminated by vir­
tue of not being able to meet these secondary requirements. The materials must be available in 
billions of pounds. The material must be available in a form which will readily permit economi­
cal fabrication into a flywheel without introducing other complications which would mitigate its 
intrinsic low cost capability. In consideration of all of these things. three materials appear 
to be outstanding at the present time for applicability to the very low cost flywheel. The first 
of these is steel wire. The type of steel wire considered for this program is that which is used 
in making high pressure hoses. and in automobile tire manufacture. Its properties are well known. 
including its static fatigue and cyclic fatigue capabilities. Its large volume production cost 
can be ascertained with great accuracy. and its availability and suitability for low cost fly­
wheel construction is adequate. Flywheels wound with low cost. high strength steel hose wire can 
store approximately 14 watt hours per pound. which, with their projected cost of around $.60 per 
pound. result in a rather marginal energy to cost ratio as demanded by the program objectives. 

The principal problem areas encountered in this program with the steel wire flywheel fabri­
cation all appear to be capable of satisfactory solution. The first of these is the "slickness" 
quality. This tends to make the steel wire difficult to hold in place without employing severe 
helix winding angles. etc. A number of solutions to the "slickness" problem are immediately 
apparent. The wire can be coated with any number of surface roughening techniques in the process 
of manufacture. such as cadmium plating. etc. 

The main problem which was encountered· in the program involving the steel wire low cost fly­
wheels was that of the wire "cast". The cast of a wire is determined simply by cutting a length 
of the wire (usually one meter) and letting it drop on the floor and measuring the free diameter 
that the coil forms. If this diameter is much less than the working diameter of the flywheel 
winding process. the flywheel is likely to have a wavy pattern once it is taken out of the wind­
ing mandrels. Fortunately. wire straighteners are employed throughout the wire manufacturing 
and processing community which can be installed in the flywheel fabrication process. The wire 
straightener is a relatively simple device consisting of a number of orthogonally located rollers 
having been ground to notches in the shape of the outside surface of the wire. The bare filament 
wire wound flywheels tested in this program to date have been consistently successful. and mate­
rial efficiencies of the order of 80% have been achieved. 

The second low cost flywheel material selected for evaluation in this program is vinyl­
impregnated fiber glass. This material is similar in some respects to the fiber glass tire cord 
used in the manufacture of automobile and truck tires. with one notable exception. This is that 
the flywheel vinyl impregnated fiber glass is extremely tough. and can even be bent and flattened 
on itself with a sharp crease without failure. In contrast. the fiber glass cord used typically 
in tire manufacture will instantly break when it is bent on itself. The process for the impreg­
nation of the fiber glass strands is a proprietary development of PPG Industries. Inc. of Pitts­
burgh. Pa. Tensile strength of this composite over relatively long periods (minutes) appears to 
be of the order of 264.000 pounds per square inch. 

The vinyl impregnated fiber glass material appears to have excellent characteristics as 
applied to the flywheel fabrication process. The material stays i.n place and packs very densely. 
Often the completed flywheel has the appearance of being a fiber glass epoxy structure. when in 
fact. there is no epoxy matrix in the areas in between the radial bonded areas. The ruggedness 
of this material is also evident from spin test to destruction. and at least one of these test 
flywheels has been spin tested fo~r times after being inadvertently dropped to the chamber floor 
at peripherial velocities exceeding 2000 feet per second. The loose strands were merely trimmed 
off. and in severe cases the flywheel was rebalanced and then respun successfully. 

There are two principal difficulties which have been encountered in the use of the vinyl 
impregnated fiber glass in the present program. First, the fiber glass wound flywheel occupies 
more volume because of its lower useable strength (50% of the ultimate tensile strength was 
assumed). This fact is somewhat compensated perhaps in other flywheel applications by the fact 
that the vinyl impregnated glass flywheel exhibits considerably higher energy to weight ratio 
than the other two types tested, being closer to 20 watt hours per pound. The second problem 
which was encountered is the fact that during the course of the program the vinyl impregnated 
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fiber glass material suddenly became unavailable, since PPG elected to cease its experimental 
production. Assurances were given that the reasons for PPG abandoning this material had nothing 
whatever to do with its technical feasibility, but that the market for which it had been devel­
oped did not materialize. It was stated, on the other hand, that the process by which this ma­
terial was made could readily be licensed to any material processer who would so desire. 

The third material to be evaluated in the low cost flywheel program was Metglas* amorphous 
metal ribbon. This material is a proprietary substance being developed by the Allied Chemical 
Corporation of Morristown, New Jersey. Metglas ribbon is a metallic alloy which, being amor­
phous, exhibits many glass-like ,properties. The form primarily used in the subject program was 
a one half inch wide ribbon having a .002 inch thickness. Thus it can be seen that one of the 
principal advantages of Metglas ribbon in the flywheel fabrication process is the fact that it 
can be wound to a given form about two orders of magnitude more quickly than a filamentary 
material. 

One of the problems with Metglas amorphous metal ribbon is that it has been a difficult rna-. 
terial to achieve effective bond with the conventional epoxy materials. Allied Chemical reports 
that considerable progress has been made on the Metglas ribbon bonding problem, and a number of 
promising thermo-setting resins are now available for this purpose. 

Also, Metglas ribbon is a relatively new material, and consequently it would be some time 
before its actual production cost will have been established. It appears that in large quanti­
ties a Metglas metal alloy suitable for the low cost flywheel could cost in the range of $1. per 
pound or less. 

Another problem, also associated with the newness of the material, is the relative incon­
sistency of the tensile strength in a given spool of Metglas ribbon. The Metglas ribbon used to 
date has been in the so-called ''as-cast'' condition, wherein the ribbon has somewhat ragged edges 
when viewed under a microscope. Processes for chemically polishing these edges to result in a 
20 or 30 percent improvement in the tensile strength are well along, and should be well stabi­
lized within the next several months. 

Once these problems with Metglas ribbon have been resolved, this promising new material will 
be applicable to the low cost flywheel field, and also will be the subject of a number of future 
programs in the vehicular flywheel field. This projection stems from the fact that the Metglas 
offers a very high energy per unit volume, primarily by virtue of the fact that its ribbon for­
mat allows nearly 100% of the wound structure to be occupied by structural elements, as con­
trasted to the round steel wire format which typically only occupies 60% to 70% of the wound 
structure. 

LOW LOSS, LONG LIFE BEARING INVESTIGATIONS 

The Applied Physics Laboratory's basic approach to the low loss bearing problem is to con­
sider variations of configurations of conventional rolling contact bearings. By focusing the de­
sign efforts on bearing load relief and bearing rotating element low rotational speeds, a series 
of bearing concepts have been demonstrated which appear to have extremely low losses and pro­
jected long life times in the flywheel environment. Effectively, by lowering the bearing loads 
to an absolute minimum and by holding the rotational speed to an absolute minimum, the bearings 
themselves can be made exceptionally small. It is obvious then that the smallest bearing will 
produce the lowest losses for a given mass supported. It is equally obvious upon further study 
that the bearing rotating at the lowest effective rotational speed will also produce the minimum 
losses, while at the same time achieving orders of magnitude longer projected lifetime. 

By hanging the flywheel on a vertical shaft, it can be seen that the principal axial load 
on the bearing is that from gravity on the spinning mass. This axial load is reduced by the ap­
plication of permanent magnets, which are designed to remove 95% of the gravity load of the spin­
ning mass. This simple passive magnetic system (costing about $2. in production) could easily 
have been designed to remove 100% of the load; however, the bearings require a certain pre-load 
in order to operate most effectively. With the flywheel shaft in a vertical position, the lat­
eral loads imposed on the bearings result solely from flywheel imbalance. The residual imbalance 
loads are effec~ively eliminated by placing the flywheel on a flexible shaft, which shaft nutates 

* A registered trade mark of Allied Chemical Corporation. 
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less than 1/lOOOth of an inch due to the residual imbalance loads in the flywheel .. Thus, in its 
final installation. the bearing loads are operating at only 5% of the initial axial load and 
probably less than 1% of the initial radial loads. As a result, the bearings required to support 
the rotating equipment can be a tiny fraction of the size that would otherwise be required, thus 
allowing further reduction in losses. 

The effective rotational speed of the bearings can easily be reduced by one of the following 
methods. First. if the bearings are functionally placed one within the other. as illustrated in 
Figure 4; and. if the geometry is so arranged that each bearing is the same diameter at the same 
time. then the effective rotational speed of each of the bearings will be approximately half of 
what it otherwise would have been without this series bearing arrangement. Spin tests of such a 
bearing configuration (Figure 5) indicate that a bearing system of sufficient size to support 
the flywheel assembly had a total drag at 10.000 rpm of less than one watt. which is considerably 
lower loss than one would anticipate with a totally magnetic suspension system. 

A second means of reducing bearing element effective rotational speed is illustrated in the 
Figure 6 sketch. Here the bearing rotating elements are simply placed inside of a much larger 
roller. so that the effective rotational speed can be reduced considerably. (sometimes as much 
as a factor of ten). This concept will be particularly applicable to even higher performance 
flywheels. where the rotational speed is considerably higher. 

Due to the size of the flywheel and the energy level achieved. the nominal maximum rota­
tional speed is 14.400 rpm. Using the series concept alone. the effective rotational speed is 
reduced to 7200 rpm. If. in addition to this. a slow roller configuration having only 5 to 1 
roller ratio were also employed. the effective rotational speed on the bearings would be 1440 
rpm. Needless to say. a bearing having only 5% of its design load and 10% of its design rota­
tional speed would represent a considerable improvement in bearing losses and bearing projected 
lifetime. 

FLYWHEEL ENERGY STORAGE DEMONSTRATION SYSTEMS 

As stated in the foregoing. one of the principal objectives of the flywheel low cost demon­
stration program was to incorporate the flywheel into a complete energy storage system capable 
of operating in the typical individual home voltage and frequency requirements. Two systems were 
developed during the program for this purpose. The first system involved an early checkout of 
the electrical equipment using off-the-shelf rugged components. etc .• and an aluminum slab fly­
wheel. This ruggedized system known as System #1 was utilized to check out the operating charac­
teristics of the electrical equipment while the development work on the low cost bare filament 
wound flywheel configuration was in process. In addition to working out the electrical system 
problems. the System #1 served a useful purpose in allowing the development of the proper fly­
wheel suspension system to enable operation of the flywheel throughout its complete rotational 
speed range without encountering dangerous vibration at the various critical speeds. 

The flywheel in this system is a laminated aluminum disc which, while storing only half the 
energy of the final flywheel assembly, nevertheless operates at essentially the same rotational 
speed range as the #2 demonstration system. The motor/generator and control system are the same 
as those in system #2. The rotating machine is a squirrel cage induction motor designed to op­
erate between 3600 and about 15.000 rpm. Its design is based upon an off-the-shelf unit having 
moderately high performance. 

The control system is 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. It 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. However. over the entire rotational speed range. the average power input and 
output is of the order of two kilowatts. A block diagram of the electrical system is shown in 
Figure 7. while Figure 8 illustrates the system components used in the #1 demonstration unit. 

System #2 incorporates the optimized components to demonstrate the very low cost flywheel 
in its operating environment. The system itself was not intended to be a very iow cost system, 
inasmuch as off-the-shelf parts were used throughout, and typically these were not optimized for 
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the system. The principal differences between this and System #1 were as follows: First, the 
bare filament flywheel (Figure 9) was substituted for the aluminum flywheel used in System #1. 
Secondly, small, magnetically unloaded oiled bearings were used in place of the ruggedized 
sealed, greased bearings of System #1. The magnetic relief system is illustrated in Figure 10. 
fhis system employing inexpensive ceramic magnets is relatively small compared to the rest of the 
system. It should serve to increase the projected life of the bearings in this flywheel energy 
storage system to at least 10 years duration. 

CONCLUSIONS AND RECOMMENDATIONS 

There are a number of interesting conclusions and recommendations that can be drawn from the 
subject program as follows: 

CONCLUSIONS: 

1. The very low flywheel production cost- $50. per kilowatt hour can be achieved with 
several ava il able materials. 

2. The best flywheel configuration for the low cost application appears to be the bare 
filament flywheel. 

3. Magnetically load-relieved mechanical bearings look very promising for the low cost, 
long life flywheel system, as well as for other flywheel applications. 

4. Operation of a flywheel energy storage system appears to be definitely feasible for 
the individual home and other stationary applications. 

5. The subject program involved a variable speed induction generator electronically con­
trolled to produce a constant electrical output. The component costs of the system 
chosen seem to warrant a thorough investigation of a constant speed generator with a 
variable transmission and flywheel system. 

RECOMMENDATIONS: 

1. The successes of the subject program appear to warrant the immediate institution of a 
full-scale home storage flywheel energy storage system program involving perhaps a 30 
kilowatt hour unit. 

2. An in depth investigation of the merits of a constant speed generator system should be 
conducted. 

3. Continued R&D on Metglas flywheels should be initiated in order to determine their ul­
timate potential, not only for stationary flywheel energy storage systems but for ve­
hicular flywheel systems as well. 

Fig. 1 Pseudo-isotropic flywheel concept. 
Fig. 2 Containment comparison between P-1 disc and 

bare filament flywheels. 
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Fig. 3 Typical bare filament test rotor. 

Stationary housing 

Fig. 4 Series bearing concept. 

Fig. 5 Series bearing test assembly. 

High rpm shaft 

Fig. 6 Slow-roller bearing concept. 

Small (low drag) 
bearing 

60 to 250Hz 
115V to 230 V 
3600 tn 15 000 rpm 

~ Power flow, motoring 

__ .,._ Power flow, generating 
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Dynamic brak ing 
resistor 

Fig. 7 Block diagram of energy storage system. 

Fig. 8 Demonstration system components. 

Tapered hub plates 

Fig. 9 Sketch of one kWh rotor. 

-Fig. 10 Magnetic bearing relief unit. 
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OAK RIDGE FLYWHEEL EVALUATION LABORATORY 

R. S. Steele 
Union Carbide Corporation, Nuclear Div~sion 

P. 0. Box Y, Building 9998, MS 02 
Oak Ridge, TN 37830 

ABSTRACT 

The final assembly and proof testing of the Oak Ridge Flywheel Evaluation 
Laboratory (ORFEL) spin test fac i lity has been completed as specified in the FY 
1979 goals for the Oak Ridge Y-12 Plant's flywheel program. The spin facility is 
qualified to test flywheels with energy levels of up to 2 kWh. 

The comprehensive evaluation of a flywheel design requires that it be subjected 
to several destructive and nondestructive tests, including detailed .quantitative 
analysis of the test data. The consideration of these requirements is a major 
feature in the immediate plans of the ORFEL. 

INTRODUCTION 

The FY 1979 Oak Ridge Y-12 Plant* Flywheel Program goal is to complete the in­
itial assembly begun in FY 1978 of the Oak Ridge Flywheel Evaluation Laboratory 
(ORFEL) and to begin the evaluation of prototype flywheels. This is in keeping 
with our overall goal of providing DOE with the ability to comprehensively evaluate 
high-performance flywheels. 

The current Y-12 program is an extension of the UCC-ND Composite Flywheel Dev­
elopment program(l,2) initiated on May 1, 1976. That program was completed in 
September 1977 with the design, fabri~ation, and testing of a band-wrap flywheel 
design. The FY 1978 Flywheel programl3) at Y-12 was concerned with the fabri­
cation of a spin test facility capable of testing rotors with up to 2 kWh energy 
levels. This work was not completed in FY 1978 but carried over into FY 1979. The 
current status of that program is the subject of this paper. 

* Operated by Union Carbide Corporation, Nuclear Division for the US Department of 
Energy. 
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The funding level in FY 1979 has been $175,000 and began in April 1979. The 
schedule for the Oak Ridge Flywheel Evaluation Laboratory is presented in Figure 1. 

FY 1979 I FY 19BO 

~ I ffi I ~ I ~ I ~I ~-lsi g I ~ I t; I ~ I ~ I ~ -. u. ::i! c( ::i! ...., ..., c( tl) 0 z c ..., 

1. FACILITY ASSEMBLY 

a. SPIN PIT & INSTRUMENTATION ~ 

b. CALIBRATION WITH DUMMY 
TEST DATE-~ 

c. ULTIMATE SPEED SERIES 
TEST DATES-

1 
2 23 

d. MOM(IlTUM TnAr~3r(n SERieS 
TESTOAHS-

I 
ooo 

I 

REPORT DATE-
e. DATA PRESE NTATION 

2. PROGRAM PLANNING 

3. PLANNED QUALITY 

Fig. 1. Current Schedule for the Flywheel Evaluation Laboratory 

FACILITY STATUS 

The spin test area is located in Building 9766 at the Oak Ridge Y-12 Plant 
site. The 10- x 10-foot spin pit and its instrumentation and control console are 
arranged in a 50- x 34-foot room as indicated in Figure 2. 

FLYWHEEL EVALUATION LABORATORY FLOOR PLAN 
BUILDING 9766 

CONTROL 

~ 

Fig. 2. Floor Plan of the Flywheel Evaluation Laboratory 
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The flywheel spin tank shown in Figure 3 is centered in the 4-foot-deep pit. 
It is 45 inches in diameter and 26 inches deep. This tank has walls of 1 1/2-inch­
thick ASTM A285 alloy steel, the 2-inch-thick tank bottom and the removable 2 1/2-
inch-thick lid are fabricated from the same material. Inside the spin tank are two 
rotatable cylindrical rings 25 inches tall, the inner steel ring has a wall thick­
ness of 2 inches; and the outer ring wall thickness is one inch providing a useable 
space of 30 inches diameter. The tank lid supports the flywheel drive system and 
measurement instrumentation, twelve 7/8-inch-diameter toggle bolts hold the lid in 
place. The pressure in the spin tank can be reduced to less than lo-2 torr. 

At the far left of Figure 3 is the torque tube for measuring torque during a 
catastrophic failure. Details concerning the torque tube are found in our FY 1977 
Completion Report 2. Figure 4 shows the ultimate speed and momentum transfer con­
figurations in cross section. 

Figure 3. Photograph of the ORFEL Spin Tank 

ULTIIolATEII'f:EOCONFIDUI'IAtiON 

Figure 4. Ultimate Speed and Momentum Transfer Tank Configurations 
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Fig. 5.  ORFEL Instrumentation Console

The instrumentation and control console is currently configured as shown in
Figure 5.  The operational limits for the ORFEL test stand are as follow:

. Maximum kinetic energy of the test flywheel can be up to 2 kWh.

. Maximum rotational velocity can be up to 60,000 rpm.

. Maximum tank pressure during a test will be less than 10-2 torr.

. Maximum mass eccentricity of the test unit can be up to 0.020 inch during
the test.

. Maximum couple unbalance of the test unit can be up to 175 in ·lbs during
the test.

. Test unit must fit within a 30-inch-diameter by 25-inch-tall cavity.

APPLIED PHILOSOPHY OF TESTING

The effort to develop a capability for comprehensive evaluation has required
the Y-12 program to determine not only what tests must be preformed but to develop
a philosophy of how they are to be carried out.  First in our mind is that the
facility be safe for personnel.  Several extensive safety reviews, drawing upon the
wide expertise available in Oak Ridge, have been performed in an effort to meet
this criterion.  Secondly, data acquired during a test must be quantitative rather
than
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FY79 TEST STAND DATA CAPABILITY 

~c A, B- ELECTRONIC PROXIMITY 
PROBES 

C, D - ELECTRO-OPTICAL 
PROXIMITY PROBES 

T - PYROMETER 

SENSOR LOCATIONS FOR DYNAMIC MEASUREME NTS 

DATA 

• RUNOUTS AT A, B, C, AND D 

• STANDOFF AT A, B, C, AND D 

• TEMPERATURE AT T 

• ROTATIONAL FREQUENCY 

• PRESSURE 

Fig. 6. FY 79 Test Stand Data Acquisition Sensor Locations 

subjective. Figure 6 reveals the heavy r~liance upon proximity probes for dynamic 
and steady-state dimensional measurements. Thirdly, these data must be analyzed in 
a quantitative manner. The ORFEL approaches this requirement in its ability to 
monitor the frequency components of each probe signal and to record and recall 
those probe signals after failure. The ORFEL is prepared to perform vector manipu­
lations and statistical analysis as may be required using the extensive compu­
tational facilities available in Oak Ridge. Fourth, the tests must subject the 
flywheels to conditions beyond the actual operation ranges of speed and temper­
ature. And, finally, a sufficient number of these tests must be performed to allow 
the results to be reported with statistical significance. A relatively large 
number of flywheels will be required for these tests. 

The actual tests required were identified in an examination of the end require­
ments for the flywheel, namely safety and effectiveness. A list of destructive 
tests which require a spin testing facility must include ultimate speed, momentum 
transferred during failure, fatigue life and stress life. Nondestructive tests 
which may run concurrent with the destructive ones include vibrational analysis, 
strain gage analysis, dimensional variations with stress, dynamic stability, and 
relative motion between parts. 

Knowledge of flywheel characteristics gained from such a test plan should pro­
vide the needed ~ata to determine failure modes, containment requirements, energy 
storage capability, and life estimates all as a function of operational demands 
placed on the flywheel. This list is not complete. Other tests will undoubtedly 
develop, but these tests are a required minimum. 

ORFEL will develop additional capability of providing reliable measurements to 
meet future flywheel research demands. 
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IMMEDIATE FUTURE 

By January 1980 the ORFEL will have demonstrated its basic capabilities by com­
pleting the ultimate speed and momentum transfer tests using the UCC-ND bandwrap 
design flywheel. At that time we expect to begin evaluation of prototype flywheel 
designs for the Department of Energy's Mechanical Energy Storage program. 

Concurrent with that work we must expand our capabilities to meet our user's 
needs. Of immediate need is a failure imaging technique and a flywheel brake for 
use in fatigue testing. A third highly desirable testing capability is.an early­
warning-of failure detection technique. The quantity and quality of these develop­
ment programs, of course, depend the funding support they receive. 

SUMMARY 

The Oak Ridge Flywheel Evalu.ation Laboratory will complete its FY 1979 objectives 
and become a productive member of the high performance flywheel effort early in FY 
1980. Our basic capabilities will be testing for ultimat~ speed, failure mode, and 
containment requirements of prototype flywheel designs. A great potential exists 
for their comprehensive evaluation using the considerable expertise available in 
the Oak Ridge complex. The only constraints are time and money. J 
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Project Title: 
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Project Goals: 

Project Status: 
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PROJECT SUMMARY 

Anny Flywheel Progra·m 

C.J. Heise, L. I. Amstutz 

Army Mobility Equipment Research and Development Command 
DRDME-EA 
Fort Belvoir, Virginia 22060 
(703} 664-4587 

To develop flywheel energy storage technology appropriate for 
·averaging peak loads on mobile electric power sources. 

A steel flywheel energy storage module of 30 kWh capacity has 
been designed and built by Rocketdyne under contract number 
DAAG53-75-C-0278. This equipment is being subjected to a 
thorough checkout and evaluation. It_will subsequently be 
incorporated into an electric power supply for further eva­
luation. 

In an attempt to improve safety while reducing weight and 
volume composite rotor development has been undertaken in 
parallel with the steel flywheel effort. Contract DAAG53-
75-C-0270 with AiResearch has resulted in multiring rim type 
rotors with storage capability in excess of 20 Wh/lb. These 
rotors are at a stage of development where they may be 
seriously considered for incorporation in future energy. 
storage systems demonstrations. Contract DAAG53-75-C-0269 
with AVCO has partially developed a more compact biaxial 
strength rotor which has recently demonstrated storage 
capability greater than 30 Wh/lb. 

13-2369 

FY 79 

$132k 

Sandia Laboratories, Albuquerque 
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ARMY FLYWHEEL PROGRAM 

C. J. Heise 
L. I. Amstutz 

US Army MERADCOM 
Fort Belvoir, Virginia 22060 

ABSTRACT 

This paper describes the U.S. Army MERADCOM flywheel program with emphasis on the 
evaluation of a 30 kWh energy storage module .. In this module advanced steel flywheel 
technology is used to achieve a. high energy storage density. The systematic evaluation 
being undertaken will serve to confirm the design procedures and indicate where changes 
are needed. This information will be useful in guiding future energy storage systems 
developments. 

INTRODUCTION 

This paper is the result of cooperative DOE and DOD funding in the exploratory 
development of flywheel technology. The Army Mobility Equipment Research and Develop­
ment Command, MERADCOM, at Fort Belvoir, became interested in mechanical energy storage 
for use with Army electric power 'generating equipment in FY75. Since then MERADCOM has 
managed a development program totaling $1,688.000 including $162·,ooo of. DOE· funds. This 
participation by DOE has been of critical importance in terms of real1z1ng the greatest 
technological advancement from these efforts. The overall program includes three con­
tracted efforts: 

30 kWh steel flywheel energy storage module, Rocketdyne. 

Multiring rim type composite rotor, AiResearch. c 

Biaxial strength composite rotor, AVCO. 

DOE funds were used last year to partially fund testing of a multiring rim type rotor 
which had been built using Army funds. ·The results obtained contributed to further 
development work which has been funded exclusively by DOE. This multiring rim approach 
has been extensively discussed in earlier proceedings (1, 2) and will not be further 
treated here. DOE funds were not directly applied to the biaxial strength rotor program, 
however, DOE participation in our overall program contributed to our ability to fund 
the July 79 rotor tests at the Naval Air Propulsion Test Center. The test results were 
instructive and encouraging (>30 Wh/lb). This type of rotor is expected to be more ex­
pensive than the multiring rfm type but also considerably more compact. Additional 
exploratory development will be required before such composite rotor is ready for in­
corporation in .an energy storage system development. The main topic of this paper is 
the 30 kWH steel fiywheel energy storage module. This module was designed and built 
using DOD funds. DOE is providing a substantial portion of the cost of a systematic 
check out and evaluation of the module. It is expected that the information gained 
during this phase of the effort will contribute to future mechanical energy storage 
projects. 

This paper describes the 30 kWh module, gives anticipated performance character­
istics, and describes the tests which are presently underway. 
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FLYWHEEL SYSTEM DESCRIPTION 

The Army flywheel electric power system consists of a flywheel module, a gas tur­
bine engine and variable speed generators. In the module, energy is stored in four 
flywheels mounted in pairs on two counter-rotating shafts which are interconnected by 
means of a four-in-line 1 to 1 ratio gear-box . Figure 1 shows one of the assembled 
shafts. It consists of a pair of end stub shafts and a pair of flywheels all of which 
are flanged and bolted together to avoid a through shaft which would lead to disruptive 
center-disc holes. 

Fig. 1 Assembled Shaft with two Flywheels 

The power flow in the module is from the gas turbine engine to the gearbox, to the two hori­
zontally aligned parallel flywheel rotors through over-running clutches and finally to 
the two directly coupled generators. The module housing consists of three 356-T6 
aluminum alloy castings. This housing is used to accomodate the flywheel rotors and 
to mount the gearbox, gas turbine and the two generators, bolted directly to the hous-
ing. The arrangement of the flywheels fn the housing can be seen in Fig. 2 which shows 
the module partially assembled. The flywheels are of the modified constant stress type 
made of forged and heat-treated low nickel alloy steel HP9-4-303, which had been identi­
fied as the optimum isotropic flywheel material for the intended service through tests 
at Rocketdyne. The diameter of each of the four flywheels is 37 . 1 inches, the weight 
of each is 650 lbs and rated energy storage at 14,500 RPM is 7. 5 kWh per wheel. In 
order to improve safety in case of flywheel failure, each wheel has a rim and under 
the rim a section which will be the most highly stressed part of the wheel. In case 
of overspeed the rim will break off and relieve the rest of the flywheel thus preven-
tion of further damage can be achieved. A subscale rotor was fabricated and tested 
to prove this failure mode; it was concluded that in the extremely unlikely event of 4 overstress to the failure point only about 20% of the stored energy would be released . 

• 
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Fig. 2 Partially Assembled Housing 

In the module all four wheels will be surrounded by a barrier ring, the clearance 
between this ring and the fly1•1heel rim will be used as a measure for the stress level 
in the wheel. It was concluded in the subscale test that observ i ng the reduction 
of barrier ring clearance is an effective indicator of rotor growth beyond the elastic 
limit whether due to overspeed or overheating. If a flywheel does contact a ring, the 
ring will begin to rotate causing immediate loss of energy and deceleration of the rotor. 
Size and weight of the assembled module not including the turbine engine and the two 
generators are shown· in Table 1. 

Dimensions (inches) 
Width 
Height 
Length 

Weight (lbs) 
Gearbox 
Housing 
Shafts & Clutches 
Barrier Rings 
Rotor Assemblies 
Misc. 

TABLE 1. 

• 

Dimensions and Weight of Module 

Total 

426 

77.5 
49.8 
62.4 

527 
2021 

75 
1142 
2990 

602 
7357 



Characteristics of the flywheel module based on final calculation are shown in 
Table 2. 

TABLE 2. Flywheel Module Characteristics 

Energy storage at 14,500 RPt·1 
Operating speed range 

Material yield speed 
Critical speeds 
Energy storage per lb of rotor 
weight at 14,5000 RPM 

30 kWh 
min. 10,500 RPM 
max. 16,000 RPM 

17,600 RPM 
6,000 and 21,000 RPM 

10 Wh/l b 

This energy storage module is intended by the Army to be a high-performance unit 
with a moderate cycle life. One could view this same hardware as having a lower energy 
storage rating but a long cycle life and large safety factor. From this latter perspec­
tive, the planned tests and subsequent Army use represent evaluation of the safety margins 
and accelerated life testing. Fig. 3 shows the fully assembled module at the Rocket­
dyne's plant. 

I 

Fig. 3 Fully Assembled Module 
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TEST PLAN DESCRIPTION 

The objective of these tests is to perform a systematic characterization and eval­
uation of the 30 kWh energy storage module. It is the complete module including the 
necessary auxilliary equipment which is the subject of the tests now in progress. Since 
this phase of the work is mainly concerned with the mechanical energy storage, the 
generators have been replaced by air turbines for the test. The air turbines can be 
used either as brakes or as drivers during the tests. The testing is divided into four 
tests, I-IV. The plans for each of these tests will be described in turn. Fig. 4 shows 
the schedule for the test. 

Apr 
Mar 29 

12 Jun 
I 
I 

\Z-- +-------~ 
2 14ks Facility 

Preparation 

10 Hks 

TEST I. 

22 Aug 10 
I 
I 
I 
I 
I 
I 

System Install a-
tion & Checkout 

7 Hks 

Testinq 

6 Wks 

Fiq. 4 Test Schedule 

Seo 21 Oct 5 

I 
I 
I 
I 
I 
I 
I 
I 
I I 

~2~~~~ 
I 

~ 
Shin 

This test is a preliminary check out of the ancillary equipment and the data system. 
The air turbines will be used to operate the flywheels below their first critical speed. 
This test will verify the operation of vacuum pumps, seals, lubrication system, etc. 

TEST I I. 

This test will evaluate the performance of the system as it passes through the 
first shaft critical speed, which is below the normal operating speed range. Both rotors 
will be driven through the resonance using the gas turbine engine. The performance of 
the bearings and supports will be noted and any adjustments indicated will be made before 
proceeding to other tests. It is expected that the module will not be harmed by slow 
passes through this resonance zone. 
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TEST I I I. 

This test will evaluate the effects of temperature and pressure on the module. 
When successful "operation through the first critical speed has been demonstrated 
measurements of friction and windage losses will be made at moderate speed. These 
losses will be characterized over a range of lubricating oil temperatures and over a 
range of housing pressures up to about 100 torr. Temperature of the rotor, barrier 
ring and housing will be monitored. The parasitic loss will also be· similarly evalu­
ated at higher speed but with-the variations in temperature and pressure more restric­
ted in order to avoid damaging the equipment. Within the constraint of not damaging 
the module an attempt will be .made to characterize an.elevated pressure shut down. 

TEST IV. 

This test will evaluate the performance of the module in its intended operating 
range. The strain of the rotors will be·monitored as a function of speed and tempera­
ture. The energy storage module will be.cycled using the gas turbine engine to charge 
and the air turbines to brake. This test will include a brief excursion to the over­
speed limit where the rotor strain will nearly close the gap between the rotors and 
the barrier rings. · 
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PROJECT SUMMARY 

Project Title: Application of Inertia Welding T~chnology to Steel Disc-Type 
Flywheels 

Principal Investigator: Douglas L. Kerr 

Organization: General Electric Company 
Corporate Research and Development 
Schenectady, New York 12301 

Project Goals: Investigate the feasibility of applying inertia welding to 
the fabrication of steel flywheel assemblies for trans­
portation application. 

Project Status: 

Contract Number: 

Contract Period: 

Funding Level: 

Funding Source: 

The project has been completed. It consisted of three 
phases. 

In Phase I, the inertia welding characteristics of three 
steel alloys (Hy-Tuf, 4340, and D6AC) were investigated 
by welding both solid bars and tubular specimens. 

In Phase II, the feasibility of various "flash trap" 
designs was explored. The objective of these designs 
was to contain or shape the weld flash in such a 
manner as to make it unnecessary to machine the weld 
flash after welding. Tubular specimens were again used. 

In Phase III, two simulated flywheel discs approximately 
6 inches in diameter were joined by inertia welding, 
then evaluated. 

Major conclusions are as follows: a) Inertia welding of 
both Hy-Tuf and 4340 steel alloys is readily accomplished 
in configurations desired for flywheel applications. 
b) Hy-Tuf is somewhat preferable to 4340. c) Crack-free 
inertia welding of D6AC appears to be difficult to achieve, 
d) A flash trap has been developed which prevents the radial 
V-notch in the weld flash, but it has an axial notch area 
which might cause fatigue problems. 

It is recommended that work be performed in evaluating 
fatigue characteristics of inertia weld configurations, 
including further development of configurations which 
might enhance fatigue properties. 

W-7405-ENG-48, Subcontract 2867209 

25 September 1978 through 29 June 1979 

$53,835 

U.S. Department of tnergy through Lawrence Livermore 
Laboratories 

431 



APPLICATION OF INERTIA WELDING TECHNOLOGY 
TO STEEL DISC-TYPE FLYWHEELS 

Douglas L. Kerr 
General Electric Company 

Corporate Research and Development 
Building 37-380 
1 River Road 

Schenectady, New York 12301 

ABSTRACT 

This paper summarizes a program which investigated the feasibility of applying inertia 
welding to the fabrication of multiple disc, steel flywheel assemblies for transportation 
application. The program was divided into three phases: Phase I - Establish Inertia 
Weldability; Phase II - Joint Geometry Considerations; and Phase III - Simulated Flywheel 
Disc Assembly. 

It is concluded that inertia welding of certain steel alloys _(Hy-Tuf and 4340, for 
example) is readily accomplished in configurations desired for flywheel applications. 
Welds are sound and have good short term tensile properties. Future effort should be 
applied to evaluating fatigue characteristics, including further study of configurations 
which might enhance fatigue properties. 

INTRODUCTION 

Work on flywheel energy storage was initiated by the Department of Energy (DOE) as 
part of the energy conservation program. Initial emphasis has been on the application 
of flywheels to electric vehicles. In this connection, the General Electric Company 
has performed a series of flywheel design studies associated with the application of an 
inductor motor/flywheel energy storage package for transit bus applications. These 
studies have been primarily aimed at determining a preferred steel flywheel configura­
tion and evaluating various manufacturing techniques. 

It has been concluded(l) that the flywheel configuration that best matches the in­
ductor motor flywheel package concept is a multidisc design in which the individual fly­
wheel discs are attached to each other and to the motor shaft by welding, by bolting, or 
by a shrink fit. In the case of a shrink fit, impracticably high shrink fits are re­
quired to achieve the energy density desired. In the case of the bolted construction, 
stress concentration factors in the vicinity of the bolt holes must be taken into account. 
In the welded configuration, the stress concentration factors are assumed to be negli­
gible, but consideration must be given to the possible effects of reduced material proper­
ties in the vicinity of the weld. 

If a suitable means of welding flywheel discs together can be found, this form of 
construction is expected to provide much better rotor performance (including lower weight) 
for a given value of ultimate tensile strength than the bolted construction. The inertia 
welding concept may be applicable to a modular steel flywheel assembly. ·It accomplishes 
the weld by friction and pressure-- the parts are literally spun together. General 
Electric's Aircraft Engine Group has developed and applied the inertia welding. concept in 
other applications. 

In accordance with the foregoing, this program was established to investigate the 
feasibility of applying inertia welding to the fabrication of steel flywheel assemblies 

432 



for transportation application. All of the experimental work was performed by personnel of 
the Aircraft Engine Group of the General Electric Company. Program direction was provided 
by personnel of the General Electric Company'"s Research and Development Center." Reference 
2 is the final report for the program. 

BACKGROUND ON INERTIA WELDING 

In this process, rotational mechanical "energy is dissipated between work pieces under 
axial pressure, resulting in weld without melting. For this reason inertia welding is re­
garded as a solid-state joining process. One piece that rotates at a high speed is pressed 
against a second piece which is fixed rigidly and is stationary. This rotational friction 
removes the metal interfaces away from the weld, producing a clean, defect-free product. 
This process is rapid and does not require an inert atmosphere even for welding active 
metals such as titanium. 

0 
The metal that is extruded away from the interface during welding results in a weld 

flash appearing at the free surface(s). This weld flash forms a typical pattern as shown 
schematically in Figure 1, which indicates the flash that would form in an annular weld. 
This flash looks somewhat like a double breaking wave, with a radial V-notch forming be­
tween the two halves. The depth and sharpness of this V-notch is a function of the 
materials and also of the weld parameters utilized. 

In general, it is undesirable to.have notches in parts, especially when subjected to 
cyclic stresses. Consequently, this weld flash and the V-notch are normally machined off 
after the weld is completed to form smooth, notch-free surfaces. 

In the configuration of Fig. 1, however, it is not possible to machine off the V-notch 
on the inside radius. Since this type of configuration is desirable in multidisc flywheel 
applications (See Fig. 2), one of the purposes of the program was to explore the feasibil­
ity of various methods of containing or shaping the weld flash on the inside radius in 
such a manner as to eliminate the V-notch and reduce the possibility of fatigue failures 
due to such a notch. Of course, it is also possible that with proper design, such a notch 
could be tolerated safely. However, determination of whether this is a real possibility 
requires experimental evaluation for specific designs which was not part of this program. 

PROGRAM DESCRIPTION 

The program was divided into the following three phases: 

PHASE I -- ESTABLISH INERTIA WELDABILITY 

The inertia welding characteristics of three steel alloys (Hy-Tuf, 4340, and D6AC), 
were determined by welding both solid bars (l-inch outside diameter) and tubular speci­
mens (2-inch outside diameter by 0.1-inch-thick wall). In addition, characteristics of 
the weld and the weld flash (that material extruded from the weld mating surfaces during 
the welding process) were evaluated. 

In Phase I, a total of 13 solid bar welds were made, approximately four for each of 
the three alloy steels. Eighteen tubular welds were made, six for each of the alloy 
steels. All welds were austenitized, plus oil-quenched, tempered, then welded and post­
weld tempered. Estimated ultimate tensile strengths of the materials just prior to weld­
ing, based upon the heat treatment used, were 230,000 psi, 190,000 psi, and 220,000 psi 
respectively for Hy-Tuf, 4340, and D6AC. 

All welds were cross sectioned and examined for weld defects, heat-affected zone 
pattern, and notch sensitivity. 
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PHASE II - JOINT GEOMETRY CONSIDERATIONS 

The purpose of this phase was to explore the feasibility of various "flash trap" de­
signs, whose objective is to contain or shape the weld flash in such a manner as to make 
it unnecessary to machine the weld flash after welding. Tubular specimens {2-inch out­
side diameter by 0. l-inch-thick wall) were again used. 

A total of 38 welds and over a dozen flash trap designs were utilized in Phase II. 
(See Fig's. 3 and 4 for some of the designs.) All of the welds were appropriately heat 
treated before and after welding, and a minimum of two cross sect'ions from each weld were 
cut and metallographically examined up to a magnification of 400X. Special polishing 
procedures were utilized to reveal the presence of cracks (if any) and/or voids. 

PHASE III - SIMULATED FLYWHEEL DISC ASSEMBLY 

In this phase, two simulated flywheel discs approximately 6 inches in diameter were 
joined by inertia welding, (see Fig. 5) then evaluated by sectioning and metallography 
to determine the weld characteristics. Tensile tests were also performed on welded por­
tions of the disc assembly. This assembly has shaft extensions. It was also sectioned. 
and a 75° segment was polished, photomicrographed; and delivered to Lawrence Livermore 
Laboratories. 

RESULTS 

Phase I work demonstrated the good welding characteristics of Hy-Tuf and of 4340 and 
indicated that D6AC was questionable as a candidate material because of cracking. No 
cracks were observed in any of the Hy-Tuf or 4340 specimens except one 4340 solid bar which 
was water quenched immediately after welding to see how severe a treatment it could take. 
All three sol1d bar D6AC specimens showed cracks, and two out of six tubular D6AC specimens 
showed cracks. · 

In Phase II, the D6AC alloy showed poor welds in the first few samples and was dropped 
from further consideration on this program. Hy-Tuf exhibited somewhat more blunt V-notch 
characteristics than 4340, and so the remaining portion of the program concentrated on 
Hy-Tuf material. However, it is believed that 4340 would make acceptable welds if other 
reasons, such as cost or availability, made it desirable to use this material. 

The first flash trap samples (butt weld, angle weld, and J-groove weids of Fig. 3) 
revealed cracks in nearly all of the welds. These are believed to be due to excessive 
restraint on the inward flow of weld flash and/or the asymmetry of these configurations 
from a heat flow and thermal stress standpoint. 

Two modifications were then made to the J-groove design. These eliminated the crack­
ing, but had numerous notch-sensitive areas. The plain slot configuration of Fig. 4 was 
then tried as a means of allowing some inward flow of weld flash but also to mechanically 
constrain it in a manner as to eliminate the V-notch at the weld centerline. It is also 
a more symmetrical configuration. Results were promising, but not completely satisfactory. 
Welds did not exhibit cracks, and the radial V-notch was eliminated. One side of the 
welds was smooth, but the other side exhibited an axial notch (or cold shut area) along 
the inner diameter of the tube. (See the schematic of Fig. 6.) Several modifications of 
this slot configuration were then tried, including one configuration which used stainless 
steel as an interface between the two pieces being welded. Results were of mixed success. 
The stainless steel samples produced results no better than those obtained without use of 
stainless steel, and this approach was dropped. 

The most promising flash trap configuration resulting from the Phase II work is the 
0.025 slot configuration of Fig. 4. It has somewhat more symmetry than the pl~in slot 
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configuration, yields welds without cracks, and eliminates the radial V-notch, but still 
has the axial notch shown schematically in ·Fig. 6. 

Program constraints made it necessary to do no more work on flash trap configurations 
on this program. 

The Phase III simulated flywheel disc assembly was then made without use of flash 
traps according to the configuration of Fig. 5. Successful welds were made on the first 
try by scaling parameters from Phase I and Phase II. 

Weld evaluation, including microexamination up to 400X, revealed no defects of any 
kind. An attempt was made to run short-term tensile tests of specimens cut from the an­
nular weld area C of Fig. 5, but the annular geometry made this impracticable. Therefore, 
two tensile test specimens were cut from the axial welds A and B of Fig. 5, and short-
term room temperature tensile tests were performed on these specimens. Results indicated 
short term ·ultimate tensile strength of these welds to be about 85% or more of the ultimate 
tensile strength of the parent material. 

Figure 7 is a photograph of the 75° segment that was cut from this simulated flywheel 
disc assembly. 

CONCLUSIONS AND RECOMMENDATIONS 

This program has demonstrated that inertia welding of certain steel alloys is readily 
accomplished in configurations desired for flywheel applications. Welds are sound and 
have good short term tensile properties. It is not known, however, whether these welds 
have adequate fatigue characteristics. In this respect, application of flywheels to tran­
si~ bus and other transportation applications requires fatigue cycle life on the order of 
10 cycles(l). This is considerably higher than used heretofore in flywheel applications 
and imposes a considerable constraint upon the design. 

Because of these stringent fatigue requirements, it is recommended that additional 
work be performed in evaluating fatigue characteristics, including developing better, i.e. 
more fatigue re~istant, flash trap or other types of configurations. 
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Fig. 1. Schematic of Weld Flash. 

RDC-23150-52 

Fig. 2. Flywheel Rotor Schematic. 
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Fig. 3. Initial Flash Trap Configurations. 
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Fig. 4. Slot Flash Trap Configurations. 
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PROJECT SUMMARY 

Project Title: "Flywheel-Engine Powerplant Research and Development Studies" 

Principal Investigators: Norman H. Beachley and Andrew A. Frank 

Organization: College of Engineering 
University of Wisconsin-Madison 
1513 University Avenue 
Madison, WI 53706 

Project Goals: The basic objective is to provide a design analysis of a flywheel­
engine power unit for a passenger automobile. The detailed tasks are: 
1) evaluate the potential of alternative powerplants for use with flY­
wheel, 2) determine the lower level of friction that may be practically 
achieved in driveline components, 3) determine the most promising con­
tinuously variable transmission (CVT) concept for a 2nd generation fly­
wheel vehicle, 4) design safety features for the flywheel system, 5) 
prepare a preliminary layout drawing of the complete flywheel power­
plant system suitable for installation in a production automobile 
chassis. 

Project Status: A preliminary study of alternative heat engine powerplants (Stirling, 
gas turbine, diesel piston, and gasoline piston engines) has been per­
formed to determine their relative fuel mileage potentials. Other 
practical aspects still need to be investigated, such as the effect on. 
engine efficiency and life of an on-off mode of operation. 

Contract Number: 

Contract Period: 

Funding Level: 

Funding Source: 

Three continuously-variable transmission concepts have been identified 
as having efficiency, s1ze, and weight characteristics satisfactory 
for a second generation experimental flywheel car. Preliminary design 
configurations have been developed based on these three principles, 
and design work is being continued with the goal of further simpl ifi·­
cation and reduction of' friction losses. 

Basic packaging configurations have been determined that will permit 
the flywheel powerplant systems (for each of the three chosen CVT con­
cepts) to fit in the ~ngine compartment of a conventional front wheel 
drive automobile. There is still much work to be done, however, on the 
details of mounting and interconnecting the various powerplant 
components. r; 

Considerable infotmation on the friction characteristics of bearings 
and gears has been collected that will aid in system efficiency calcu­
lations, and also in the determination of what fuel economy improvement 
might be obtained by attention-to and optimization of these components 
in the driveline. 

SUBCONTRACT 4492309 

Feb. 5, 1979-Dec. 31,1979 

$93,286.00 

Lawrence Livermore Laboratory 
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MECHANICAL CONTINUOUSLY-VARIABLE TRANSMISSION 
DESIGNS FOR FLYWHEEL ENERGY-STORAGE AUTOMOBILES 

Norman H. Beachley and Andrew A. Frank 
University of Wisconsin-Madison 

1513 University Avenue 
Madison, Wisconsin· 53706 

ABSTRACT 

In order to further investigate the concept of an energy storage flywheel powerplant system, 
a second-generation experimental auto~obile is planned. The purpose of the vehicle will be to 
demonstrate the commercial potential of the concept, its performance and fuel-saving characteris­
tics, and to serve as a test bed for further research and development of the basic concept. 
Three continuously-variable transmission concepts are being evaluated and compared to determine 
the best design to use in the experimental automobile. They are: 1) multi-speed gearbox with 
slipping clutch system; 2) hydrostatic power-split system; and 3) van Doorne steel V-belt system. 
The major transmission requirements are: 1) minimum energy losses under urban driving conditions; 
2) low weight and a size envelope that allows compact packaging; and 3) the capability of having 
torque control, and automatic control of all other required functions. The three concepts being 
considered all appear attractive, and will be carried through to an assembly drawing stage with 
concurrent analysis before a final choice is made for the construction of the experimental model. 

INTRODUCTION 

The concept of flywheel energy storage appears very attractive for significantly improving 
the fuel economy of passenger car vehicles under urban driving conditions. Studies have shown 
that a 100% gain over current vehicles is clearly possible, and an experimental car based pri­
marily on off-the-shelf components has experimentally demonstrated savings of about 50%.(1 ,2) 

The basic configuration that we have been investigating is shown schematically in Fig. 1. 
Although some of the power from the engine will pass directly to the drive axle, one can best 
describe the concept by saying that the car is driven by the flywheel, and that the engine is 
run (at wide open throttle) to recharge the flywheel only when its speed drops below some prede­
termined value. The improvement in fuel economy comes from two factors: 1) the engine is run 
only under most efficient conditions or not at all, and 2) the system allows efficient regenera­
tive braking. 

Engine calibrated 
for low emissions a 
low bsfc at 
full- throttle 
operation~ 

CVT clutch 
(if req'd.) 

Continuously­
variable 

transmission 

Standard rear 

a<le ossem7 

I 

ddveshoft/ 

Fig. 1. Schematic diagram of a flywheel hybrid automobile. 
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In order to match the speed of the flywheel and that of the car under all condition$ a con­
tinuously-variable transmission (CVT) is required. Theoretical and experimental studiesti ,2} 
have shown that, with current technology, the CVT is the most critical component of the system; 
i.e., the component most likely'to have the highest energy loss over a typical driving cycle. 
rable 1 shows the approximate breakdown of the energy produced by the ·engine in the University of 
wisconsin experimental flywheel Pinto when driven over the EPA-CVS Federal Urban Driving Cycle. 
The average CVT efficiency in this case has been calculated to be about 76%. 

TABLE 1. Approximate Energy Breakdown 
for the University of Wisconsin First­
Generation Flywheel Hybrid Automobile 
(EPA-CVS cycle, 2750 lb Test Weight). 

Energy required from engine 
Energy recovered in regenerative braking 
Road load energy 
Energy lost in non-regenerative braking 
Energy lost in CVT 
Energy lost in 4-speed gearbox 
Energy lost in rear axle 
Energy lost in clutches 
Flywheel spin loss energy 
Energy lost in flywheel gears 
Energy lost to engine inertia 

Corrected fuel consumption = 32 mpg. 

10,126 hp-sec 
1 ,278 hp-sec 
3,392 hp-sec 

209 hp-sec 
3,159 hp-sec 

516 hp-sec 
516 hp-sec 

1 ,280 hp-sec 
686 hp-sec 
181 hp-sec 
185 hp-sec 

Even though a CVT may have high efficiency at conditions close to its design point, its 
average efficiency will be much lower when operated over a typical driving cycle. Consider that 
a typical 3,000 lb car may need a CVT capable of transmitting about 100 hp to provide what most 
drivers would consider to be ·satisfactory performance. Over the EPA-CVS driving cycle, however, 
the average road load (average power required at the drive wheels of a car with regenerative 
braking)is about 2 3/4 hp with streamlining, tire characteristics, etc., that are typical of to­
day's cars. The problem then is to develop a CVT that is capable of, say, 100 hp; but has very 
low losses in the 0 to 5 hp range. The efficiency at or near full power is much less signi.ficant 
since it can be used for only a.few seconds at a time· except in hilly terrain. · 

In analyzing and evaluating CVT's, we have found it advantageous to work with loss values 
rather than efficiencies. This is advantageous for several reasons. First of all~ cars are of­
ten driven at or near a condition of zero torque (i.e., coasting}, and the concept of efficiency 
is meaningless at zero power output. All transmissions have zero efficiency at·zero power output, 
even though they may be dissipating widely differing amounts of friction power. The friction 
power, of course,decreases the fuel economy, and the required analysis is handled in this case by 
loss data. Friction data plotted on the basis of loss rather than efficiency also permit more 
accurate interpolation and extrapolation near values of low torque and/or low speed. 

In order to further investigate the flywheel powerplant concept, a second-generation experi­
mental vehicle is planned. In order to approach a true prototype vehicle, and thereby learn as 
much as possible about the concept that would apply to a production vehicle, the design specifi­
cations will be quite strict. First of all, the vehicle will have front wheel drive, since this 
reduces the chance of vehicle instability from regenerative braking and also maximizes the amount 
of regenerative braking that can be used. The total powerplant-drive train system should fit un­
der the hood of a conventionally-proportioned automobile with no intrusion into the passenger 
volume. Control must be essentially automatic, so that driving the car is no different than 
driving a conventional automatic transmission car. The additional powerplant system components 
must add no more than 100 lb to the weight of the car. The efficiency of all system components 
must be high enough to demonstrate a high fuel efficiency under city driving conditions, with 45 
mpg on gasoline over the EPA-CVS cycle being the approximate goal for a 3,000 lb inertia weight 
vehicle whose present city mileage is about 22 mpg. 

Since there is no off-the-shelf CVT available that would allow the above requirements to be 
satisfied, it is necessary to design and build a CVT specifically for this project. Within the 
constraints of size, weight, efficiency, and the avoidance of major developmental problems in 
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the basic CVT itself, the following three concepts appear attractive: 
1. A multi-speed gearbox (e.g., 12 speeds) with a ·slipping clutch to match the flywheel and 

vehicle speeds in between the discrete ratios. At higher speeds (above about 45 mph), the 
flywheel would be declutched, and the car driven by the engine through the gearbox alone. 

2. A hydrostatic power-split transmission in series with a 4 or 5-speed gearbox. This is the 
system concept used in the present experimental flywheel vehicle. 

3. A van Doorne steel V-belt system in combination with a two-speed gear change unit. 

All of the above three concepts appear as if they would meet the CVT requirements, and it is 
difficult at this stage of the program to determine which is the most promising. We, therefore, 
plan to carry all three concepts along at least to the stage of a final assembly drawing. It is 
possible that prototype models suitable for testing the efficiency and control characteristics 
will be constructed for two, or even all three, based on an evaluation of the final designs and 
the cost of construction. More details of the three concepts and their current stage of analysis 
and design are given below. 

SLIPPING CLUTCH DESIGNS 

Figure 2 shows schematically the basic idea of the slipping clutch concept. In this figure 
a 5-speed gearbox is placed in series with a two-speed box with clutches to give 10 discrete 
gear ratios optimally spaced. One of the two clutches will be engaged at all times (unless the 
car is coasting or at rest) with the loading pressure set by the driver to give a particular 
clutch slippage torque which results in the desired vehicle drive torque. 

5 - Speed .-----...~--. 1---{;::::;.-...__-=.-...., 

Gear box 

2- Speed box 
with Clutches 

Fig. 2. Schematic diagram of a ten-speed gearbox with slipping clutch CVT. 

At first glance, the slipping clutch concept may·appear to be an undesirable type of CVT, 
since the clutch slippage is a pure loss. Its attractiveness lies in the fact that all of the 
required components other than the slipping clutch surfaces themselves should have very high ef­
ficiency (or, more specifically, low friction losses) under all operating conditions. If the 
clutch slip is kept to 15% maximum, then the basic clutch efficiency would be at least 85% and 
average about 92% over a driving cycle, regardless of the amount of torque being transmitted. If 
the other losses (gears, bearings, etc.) are minimal, the result is excellent CVT efficiency. In 
comparing this concept to the other CVT candidates, it should be remembered that in contrast to 
a slipping clutch, the friction losses inherent in the other CVT principles (e.g., traction 
drives and hydrostatic systems) are not proportional to the torque transmitted and constitute a 
higher percentage of the power transmitted at lower power levels. 

One important consideration for slipping clutch designs is the frequency of shifting. An 
extreme condition would be hard acceleration, say from zero to fifty mph in 10 seconds through 
10 speeds. This operation would require a gear s"hift every second on the average. A satisfac­
tory system would need to automatically shift gears when required in a very short time increment, 
estimated to be about l/10 of a second to give the impression of smooth, continuous acceleration 
with no apparent jerkiness. It appears that this requirement can be met with proper mechanical 
design. Another consideration is that, for a given combination of vehicle and flywheel speeds, 
a gear shift would be necessary to change from positive driving power to regenerative braking, 
since a slipping clutch can transmit torque only in the direction of slip. This should increase 
the shifting frequency only slightly, however, since the controls would be designed to provide 
regenerative braking only when the brake pedal was actually pushed. When the driver's foot was 
simply raised from the accelerator pedal, the car would be allowed to coast, i.e., the clutch 
would be disengaged. 

In developing detailed designs, other important requirements are: 1) a clutch that is 
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"disengaged" must have no significant drag, 2) the drive train must have no friction loss when 
the car is at rest (e.g., stopped for a traffic signal), 3) gear and bearing friction must be 
minimized. 

Although the slipping clutch system of Fig. 2 could be implemented satisfactorily, there are 
other designs that appear to be more attractive. Figure 3 illustrates· one of the designs that is 
curr~ntly being pursued, a twelve speed version in this case. Although Fig. 3 is a scale drawing, 
it is at an early stage of development, with all mechanical details not yet resolved. The.two 
side shafts appear in,the side view as if they were 180° apart for clarity of detail. In actual­
ity they are to be positioned as shown in the end view to provide a more compact package. 

Fig .. 3 A twelve-speed slipping clutch CVT with hydraulic clutch actuation and a binary digital 
piston shifting mechanism. 

The center group of six gears has a clutch friction element between each two adjacent gears, 
and at the outer surfaces of the two end gears. The clutches are loaded by a hydraulic pis-
ton at the right. The gears are free to rotate on the center shaft except as restricted by the 
clutches. The two side shafts each have six gears that are in constant mesh with the gears of 
the center shaft. The side shafts are moved by sets of digital hydraulic pistons. The short 
splined section on each of these will thereby lock one gear at a time to its shaft, setting a 
transmission speed ratio. One or· more of the clutch elements will slip to properly match the 
transmission input and output speeds (i.e., the flywheel and vehicle speeds). When gears are be­
ing shifted, the loading of the clutch elements is reduced to zero, and then quickly reset at the 
required control value as soon as the shift is completed. 

Figure 3 as drawn•shows the transmission in first (low) gear with the gear on the top left 
engaged by the splined shaft. Second gear would find the second gear from the left engaged, and 
so on, up through the first six speeds. For seventh gear the top spline would be moved to the 
right beyond its stack of gears, and the bottom spline moved to engage the first gear on the left. 
Note that the two side shafts are both geared to the output shaft. 

The first advantage of this particular concept is that it doesn't matter which or how many 
clutch elements slip; therefore, there can be no detrimental ~lutch drag. Shifting can be done 
quickly by a small shaft movement. When shifting occurs, the speed difference between the exter­
nal and internal splines will be only about 15% so that no further "synchromesh" system is re­
quired. One disadvantage of the design .is that there are 12 gear pairs in constant mesh, with 
resulting losses, but it is felt that these should be minimal. 

Figure 4 is a variation of the above design. · Here, the shifts alternate between the two 
side shafts, so that the upcoming gear can be "preselected". The two clutches are engaged (and 
slipped at the desired torque level) alternately. There should be virtually no dead time during 
a gear change with this design since the engagement and disengagement of the two clutches will 
occur simultaneously. 

Other variations of the above design concepts are under investigation. 
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Fig. 4. Schematic diagram of a twel.ve-speed slipping clutch CVT with a gear preselection feature. 

HYDROSTATIC POWER-SPLIT DESIGNS 

The basic principle of the hydrostatic power-split CVT is illustrated in Fig. 5. Only part 
of the power passes through the hydrostatic transmission itself (the hydrostatic pump and motor, 
one or both with variable displacement), the· rest passing through a more efficient direct mechan­
ical path. The two components of power are then added by the gear differential. The overall CVT 
has higher efficiency but less ratio range than a straight hydrostatic CVT. Figure 5 also shows 
a gearbox in series with the power-split CVT. This extends the ratio range of the overall system, 
permitting even smaller hydrostatic units to be used, decreasing size and weight requirements and 
improving overall efficiency. 

Fixed 
Displacement 

Motor 
I I '-'---:---' II 
II 11 
II Oil Output M 4- Speed)...nr:::::===========~: : J 1 

~GearboxJU 
Input . Gear. 

Differential 

Fig. 5. Schematic diagram of a hydrostatic power-split transmission. 

· The hydrostatic power-split transmission .designed and built for the first generation experi-
mental flywheel car(3) has shown the practicality of this concept, even though its efficiency is 
much too poor to demonstrate truly significant fuel savings. The main problem with that particu­
lar transmission was that it had to be built primarily from off-the-shelf components, which lim­
ited the efficiency possible, restricted the use of design optimization, and also resulted in a 
large and heavy unit. The design did demonstrate the ruggedness, smooth operation, and ease of 
control possible with hydrostatics, however. 

Figure 6 shows the basic hydrostatic ·power-split design currently under investigation. The 
radial ball piston concept is used for the pump and motor, both having variable di.splacement for 
maximum versatility. The gear differential is the planetary unit at the right of the figure. A 
4- or 5-speed ·gearbox with optimized ratios is to be put in series with the unit. The design 
is very similar to that developed by General Electric Corporat1on(4,5) for use in trucks and 
tracked vehicles. 

The main advantages of the design (Fig. 6) are small size and light weight. Another poten­
tial advantage is that radial ball piston hydrostatic units apparently have low spin losses under 
zero or low power conditions even though their full load efficiency may be no greater than 
other designs. Unfortunately, we have so far been unable to obtain actual experimental data to 
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Fig. 6. Sketch of a hydrostatic power-split CVT with radial ball piston pump.and motor and a 
planetary gear differential. 

confirm these characteristics. Simulations based on reasonable assumptions have shown that this 
design should provide satisfactory efficiency for a flywheel car if used in series with a 4- or 
5-speed gearbox whose ratios have been optimized. 

Experience with the first generation flywheel vehicle has shown the control of this type of 
transmission to be qujte straightforward. To obtain direct control of the output torque (and 
therefore, the acceleration or deceleration of the vehicle), it is necessary only to control the 
hydrostatic pressure.* This can be accomplished by a pressure control valv~ ~ith feedback in 
which pressure is directly proportional to the position of a control lever.l3J This lever can be 
connected by a direct mechanical. linkage to the accelerator and brake pedals. 

In order to more fully investigate the potential of this design, and to carry out parameter 
optimization studies, it will be necessary to obtain experimental loss data over the full range 
of operation for the radial ball piston units. ·If the packaging details look attractive after 
the design work is completed, such experimental studies may be done. Since the balls and outer 
ring of a ball piston unit could be taken from a standard ball bearing, construction of a model 
for experimental studies would be a reasonable task. · 

BELT DRIVE SYSTEMS 

Variable V-belt drives have been demonstrated to have power transmission capabilities that 
are adequate for small cars. Snowmobiles, for example, use this type of CVT, with racing ver­
sions often transmitting well over 100 hp. The life of the rubber belts is not great under such 
continued high power conditions, however, The DAF automobile, built in the Netherlands (with the 
company recently purchased by Volvo) has for many years used a rubber V-belt CVT for its trans­
mission, for engines with power ratings up to about 45 hp ~higher in racing versions). 

A new development. is a steel segmented V-belt system with variable sheaves (the ''TRANSMATIC") 
that has been developed by van Doorne's Transmissie B.V. of the Netherlands.l6,7J Figure 7, from 
Borg-Warner literature, shows the basic design features. The efficiency characteristics of this 
unit are quite good, and the ~llowable ratio range i~ 4:1 or slightly higher. In order to proper­
ly handle the range requirements of a flywheel car, a two-speed gearbox in series with the steel 
V-belt system (or something equivalent) is required. 

The basic unit (sheaves and belt) is quite compact. It is currently being developed for use 
in otherwise conventional cars by Volvo, Fiat and ·Borg-Warner. They expect to begin making cars 
with the van Doorne CVT within a couple of years. The controls required for a conventional car 
are quite different from those needed for a flywheel car, however. 

*This is strictly true only if the displacement of the hydraulic motor is fixed. If not, torque 
· is proportional to the product of pressure and motor displacement. 
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Fig. 7. Details of the van Doorne metal V-belt CVT. 

Designs based on this steel V-belt are currently being developed by us for the flywheel car 
application. Since the basic belt and sheave system is apparently well developed, our work lies 
primarily in designing the two-speed gearing system,·the overall packaging, and the control 
system. 

There are two control aspects to be taken care of: 1) the loading ("squeeze") on the belt 
from the sheaves must be proportional to the torque being transmitted and inversely proportional 
to the effective sheave diameter in order to keep spin losses low under conditions of zero or low 
power transmission; 2) the rate-of-change of the sheave d~ameters must be controllable since it 
is the parameter that sets the vehicle driving torque. Present design concepts are based on hy­
draulic loading of both sheaves, and logic systems will be necessary to set the absolute loading 
of each sheave for all possible operating conditions. It has been tentatively decided to run the 
engine continuously and bypass the flywheel under condit.i.ons of high speed cruise, but with the 
power still passing through the van Doorne steel V-belt so that the engine operating conditions 
can be optimized for this relatively steady-state condition of higher power. 

A van Doorne V-belt and sheave system is being procured to allow testing of efficiencies and 
to provide a "breadboard" model for development of the control system. Many of the control sys­
tem parameters will need to be determined by a comb1nation of theoretical and experimental work. 

OTHER CVT POSSIBILITIES 

There are many other continuously-variable transmission concepts that look attractive, es­
pecially those in the rolling-contact traction drive category. Unfortunately, there are virtual­
ly no such transmissions available as prototype units that could be readily used in the second­
generation experimental vehicle. Experimental units could be built for us by a number of compa­
nies that are developing such units. However, the cost would in general be quite high and there 
would be a high likelihood of significant developmental problems in the traction drive unit it­
self that would impede progress on the overall second-generation flywheel car. We feel that roll­
ing contact traction drive development should be handled separately from this project, even 
though such CVT's could ultimately prove to be best for flywheel cars. 

SUMMARY AND CONCLUSIONS 

Three basic CVT concepts have been identified as potentially satisfying the stringent re­
quirements of an i.e. engine-flywheel energy storage automobile. Designs are currently being de­
veloped for all three. Ultimately, a choice will need to be made as to which design will be best 
to use in a second generation experimental flywheel car. In addition to a comparison of the 
mechanical configurations developed, some experimental studies to determine loss characteristics 
will be performed, and simulations made to determine net energy losses of the different designs 
over standard driving cycles. · 

Since all three concepts appear attractive, and since there are many factors to consider in 
I 
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the ftnal selection, it is difficult at this tim~ to predict which CVT will be used. There is a 
strong possibility that engineering models of two and possibly all three will be built and 
tested to help in the evaluation, depending u~bn how much this would cost. An attempt will be 
made to design the overall system packaging so that more than one CVT design could be used in 
the vehicle with a minimum of other system changes. Ideally, in terms of the overall development 
program, the CVT packages should be completely interchangeable. · 
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VEHICULAR APPLICATIONS OF MECHANICAL ENERGY STORAGE--FY79 

William T. Crothers 
Lawrence Livermore Laboratory 

P.O. Box 808, L-209 
Livermore, CA 94550 

ABSTRACT 

The Department of Energy, Division of Energy Storage Systems, has designated the Lawrence 
Livermore Laboratory (LLL) as the technical manager arm for conducting research in the area of 
mechanical energy storage. This paper describes developments regarding vehicular applications 
of that management effort. A five-year project plan, with supporting rationale, is presented. 

INTRODUCTION 

This paper describes the technical management of vehicular-related, mechanical-energy 
storage projects at the Lawrence Livermore Laboratory. This year's technical progress will be 
detailed in other papers at this 1979 MES Review meeting. Additional information can be ob­
tained from the reports listed in the bibliography. Because the management task includes 
planning, emphasis is placed· on future work as it relates to completed and ongoing investiga­
tions. Therefore, an overview on how the program goals are to be attained is included. 

BACKGROUND 

Two sources of funds have supported this ·work for FY79 (1). The early funding-originated 
under the Electric and Hybrid Vehicle Act. A second more recent source, is through the Divi­
sion of Energy Storage Systems. This funding has increased the scope of the projects con­
sidered with the result that studies of storage applications to vehicles now include heat­
engine propulsion as well as electric-driven types. 

HIGHLIGHTS OF FY1979 

A list of the subcontracts which have been active this year are: 

Project 

Analysis of Flywheel Energy 
Storage for Automotive Use 

Energy Storage Assessment 
Related to E&HV 

Continuously Variable 
Tran sm iss ions 

Elastomeric Regenerative 
Braking Study 

Elastomeric Braking, 
Design and Hardware 

Energy Storage System 
for EV 's 

Energy Storage Unit 
for EV 's 

Heat Engine/Flywheel 
Vehicle Analysis 

Inertia Weld Development 
for Flywheels 

Subcontractor 

R. F. McAlevy III & Associates 

Lawrence Livermore Laboratory 
M. W. Sdiwartz 

N. Beachley and A. Frank 

Eaton 

Eaton 

General Electric· 

Garrett AiResearch 

University of Wisconsin 

General Electric 
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Status (Ref. No.} 

Report published, 
UCRL-13980 

Report published, 
UCRL-52773 (2 volumes) 

Report published, 
UCRL-15037 

Report published, 
UCRL-15044-1 

Subcontract initiated 
6/28/79 

Nearing completion 

Hardware in test 

Design phase 
one-half complete 

Report published, 
UCRL-15045 

(2) 

(3) 

(4) 

(5) 

(6) 



RESULTS TO DATE 

The primary accomplishments of the projec~s.are as follows: 

• Energy-storage devices are technically feasible for urban driving conditions. 

• Electric vehicles with present and ·forecast battery capabilities cannot in this century 
meet the performance standards now needed for city and freeway driving patterns. 
Energy-storage systems can overcome this disadvantage. 

• Flywheel storage with electric drive is at the prototype stage of development--250 
W•h capacity, 30 kW power attainable in an 80 lb (36 kg) unit. 

• Heat engine/flywheel systems are technically feasible. The transmission needed to 
couple engine, flywheel, and drive train into a functioning unit is the key to a 
successful demonstration. 

• Elastomers have low specific energy storage capabilities. Relatively simple hardware 
designs are possible, however, which may make the elastomer an attractive candidate for 
vehicular use. 

ELECTRIC VEHICLE DEVELOPMENTS 

Electric vehicles now on the market, and those now being proposed as near-term substi­
tutes for petroleum-fueled vehicles, cannot accelerate adequately in city and freeway traffic 
to meet the present performance capabilities of vehicles powered by the internal-combustion 
engine. The implications of this fact to future electric vehicle sales has been and is the 
subject of much debate. A more tangible and explorable factor is the possible increased 
petroleum consumption as a result of heavy traffic conditions where vehicles of varied per­
formance capabilities are mixed. Results obtained by using a computer code by Collins and 
Epps (7), which closely simulates traffic flow on multi-lane freeways, show vehicle-flow 
interruptions that were directly caused by slow-accelerating vehicles such as tractor-trailer 
rigs. The increased fuel consumption was obvious and calculable. Three solutions could avoid 
this problem: 

a. Segregate vehicles of greatly differing performance capabilities by street and free­
way restrictions. 

b. Reduce the high performance of internal combustion engine (ICE) light vehicles (pas­
senger cars). This is a strong possibility as economy can be improved and emissions 
lowered. 

c. Improve the performance of the slow vehicles. 

If more uniform performance in the vehicle fleet conserves fuel, mechanical-energy stor­
age systems could prove the equalizer. Our project goal is to demonstrate the usefulness of 
mechanical energy storage (MES) for this purpose as well as to demonstrate the range extension 
gained from regenerative braking and load leveling. During the next few years, development 
will concentrate on the flywheel and electric-input/output energy transfer. 

Units now under test appear to offer storage capacities of about 3 to 5 W•h/lb, which 
is a lower specific energy than today's batteries. The power rating at 30 kW (375-W/lb), 
however, makes them interesting possibilities. A second generation unit may need to be 
initiated (Fig. 1). Control systems for such devices are now under development and must be 
perfected.to offer a small, lightweight, economical mate to the energy storage unit (ESU). It 
is anticipated that these two tasks will allow initial vehicle modifications to begin early in 
FY81. This vehicle should be in operation in 18 months (mid FY82), and a second-generation 
follow-on would repeat the process with an updated design during FY82-84. 

If funds are available, research will also be directed toward electric-input/output 
machines with higher efficiencies~ Results in this area can be utilized in the proposed 
vehicles and in a next generation of the Urban Mass Transit Authority (UMTA) bus program now 
sponsored by the Department of Transportation. 
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HEAT-ENGINE VEHICLE DEVELOPMENTS 

Fuel economy in automobiles has been improving over the past few years. Mandated CAFE 
(Corporate Average Fuel Economy) standards are to advance from 19 mpg in 1979 to 27.5 mpg in 
1985. Volkswagen has already demonstrated a 60 mpg, composite, driving-cycle average with a 
modified Rabbit. How far these economy feats can be carried with new technology is not 
clear. Most improvements increase the vehicle cost, a fact which becomes more palatable with 
rapidly increasing fuel prices. Again mechanical-energy storage can play an important role. 
Providing the performance of these future automobiles is not degraded, the anticipated minimum 
improvement of 50% (urban EPA cycle) in mpg because of a flywheel storage system should apply 
proportionally even to the higher CAFE figures and future anticipated improvements. 

Figure 2 shows the intended prray of tasks planned to have the first ICE/MES prototype 
operating by FY82. These tasks define the design and construction of the transmission, 
flywheel package, engine, and chassis. These components are identified separately and 
responsibility for their construction will rest with those industrial firms experienced in 
these fields. The staff of the University of Wisconsin will continue to share the 
responsi bil iti es with LLL throughout the project. 

The key to this project's success lies in the ability to build a transmission. Possible 
designs and sources have been investigated, research under government· and private sponsorship 
is underway, and cautious optimism has been expressed by those involved. Past attempts at 
producing a continuously variable design have, at best, been only partially successful. The 
major difference today is the need. Flywheels must have the flexibility. Prior vehicle 
design using the internal combustion engine viewed such broad transmission requirements as a 
nicety. Major emphasis will be placed on the transmission development, and the FY81 vehicle 
construction relies on a first-generation transmission being built and tested successfully 
during FY80-81. · 

A possible addition to the heat engine work is a thorough investigation of gas turbines. 
Gas turbines for automobiles remain elusive because of high-temperature-material problems. 
Gas turbines also tend to have above normal brake-specific fuel consumption at low loads. 
Load-leveling energy-storage flywheels, also operating at high speeds, may be very compatible 
with the turbine machinery. The present design group will review all types of heat engines. 
A favorable decision on turbines could involve much more time and funding to reach a demon­
stration stage than would be the case with a piston engine design. In the event the turbine 
is a desirable alternate, work will continue with the less exotic engines. Then, depending on 
fund availability, a second- or third-generation demonstration vehicle would feature the 
.turbine design. 

REGENERATIVE BRAKING 

Regenerative systems using elastomers are discussed separately as the hardware can be 
applied to electric or heat engine vehicles driven in urban environments. Results of the 
first study indicate the energy can be stored efficiently by twisting a cylindrically shaped 
elastomer. This characteristic implies simple design hardware to transfer energy to and from 
the rotating drive line of the vehicle. Testing of a full vehicle-sized elastomer will occur 
in the next few months. Reduced-size versions have elastomeric efficiencies (energy in and 
out or round trip) of 90%. Similarly encouraging results of the full-size model can lead to 
several new designs. Vehicle prototypes can be expected in FY81. Figure 3 shows the indi­
vidual project tasks that must be addressed and the anticipated schedule. 
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1978-1984 ELECTRIC/FLYWHEEL VEHICLE PROJECT PLAN 

Fiscal year . 78 79 80 81 82 83 84 
10/1 to 9/30 

PLANNED 

Passenger 
Vehicle I - Design and build 

1 -

Vehicle II Design and build Upgrade 

l 
.. 

Energy storage unit Design, build, test 2nd Generation 

I ( 2 models) 
0 

I 
• 

System control 
Design, build and test 2nd Generation 3rd Generation 

-
J 

ADD-ON 
Motor/gen development PM motor design· 2nd Generation 3rd Generation 4th Generation 

.. 

I I ' 
Urban bus II DOT 2nd • 3rd 

0 Initiate work - new contract 

• Complete wori - decision point .. 

FIG. 1. 1978-1984 Electric/Flywheel Vehicle Project Plan. 
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1978-1984 HEAT ENGINE/FLYWHEEL VEHICLE PROJECT PLAN 

Fiscal year 
78 .79 80 81 82 83 84 10/1 to 9/30 

PLANNED 

Vehicle I 
Specifications Design and build Upgrade 

\/~~id'il !! I+ 
Specifications Design and build 2nd Generation 'I" I" Engine pkg 0 I• 

- Specifications Design and build 2nd 3rd 
Chassis pkg 0 I• o '0 • 

Specifications Design and build 2nd 3rd · 4th 
Flywheel pkg 0 l•.o I • -

Availability study Specs Design and build 2nd Generation 3rd Generation 
Transmission 0 

I 
• 

l 
. 

ADD-ON ----
Feasibility Design Build Field test 

Vehicle Ill 
Design Build Laboratory test Upgrade 

Turbine 

Design Build 
Transmission 

Test . Upgrade 

ALTERNATE 
Feasibility Design and build 2nd Generation 

Vehicle IV 
,. 

Electric motor/drive Design Build and test 2nd · 3rd 
(high speed) 

Controls (high speed) Design Build and test 2nd 3nd 

0 Initiate work- new contract 
I 

' • Complete work -decision point 
I . 

FIG. 2. 1978:..1984 Heat Engine/Flywheel Vehicle Project Plan. 
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1978-1984 ,OTHER STORAGE PROJECT PLANS 

Fiscal year 
78 79 80 8i 82 83 84. 10/1 to 9/30 

PLANNED 

Elastomeric I 
Feasibility 

Preliminary 
design and test 

Lal:>nratory 
design and test Vehicle test Upgrad• 

ADD-ON ----
Elastom•ri~ II Design Laboratory tP.•t Vehicle test. 
(simplified design) .I 
Elastomeric Ill 

oesign Build and test (urban bus) 

ALTERNATE 

Other mechanical 
Feasibility Design Evaluate Vehicle test storage designs 

. 
~ 

0 Initiate work - new contracts 

e Complete work - decision point 

I 

FIG. 3. 1978-1984 Other Storage Project Plans. 
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PROJECT SUMMARY 

Project Title: Regenerative Braking Through Elastomeric Energy Storage 

Principal Investigator: Lyle 0. Hoppie 

Organization: Eaton Corporation 
Engineering & Research Center 
P.O. Box 766 . 
26201 Northwestern Highway 
Southfield, Michigan 48037 

Project Goals: Determine the technical and economical feasibility of an elastomeric 
regenerative braking system (ERBS) for automotive applications. 

Project Status: Duri.ng Phase I (Sept. 1 78- March 1 79) theoretical and experimental 
efforts were focused on: 

Contract Number: 

Contract Period: 

Funding Level: 

Funding Source: 

• determining which commercially available elastomer is best 
suited to this application. 

o determining which method of stressing an elastomer is best 
suited to this application. 

• conceiving and comparing severa 1 methods of contro 11 i ng torque. 

• ··predicting the range improvement which would result if a system 
based on a preliminary design were constructed. 

• determining the maximum initial cost such a system could have, 
yet still be cost effective. 

The Phase I results we.re felt encouraging enough by both Eaton 
Corporation and Lawrence Livermore Laboratory to proceed with 
Phase IIA, during which full-scale elastomeric subassemblies will 
be designed, constructed, tested and evaluated. If the results 
of this effort continue to ·be encouraging, Phase IIB will be 
initiated without interruption; in Phase IIB, a complete full­
scale ERBS will be laboratory tested and evaluated. 

University of California Purchase Order 2617509 

July 1 79 - Feb. 1 80 for Phase IIA 

$172,000 for Phase IIA 

Lawrence Livermore Laboratory 
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REGENERATIVE BRAKING THROUGH ELASTOMERIC ENERGY STORAGE 

1. 0. Hoppie 
Eaton Corporation 

Engineering & Research Center 
P. 0. Box 766 

26201 Northwestern Highway 
Southfield, Michigan 48037 

ABSTRACT 

A theoretical and experimental investigation into the use of elastomers as the energy 
storage element of a regenerative braking system for urban vehicles was carried out. This work 
culminated in the preliminary design of a complete full-scale system, the prediction of its 
performance and efficiency, the specification of its control system with the required actuators 
and sensors, and an analysis of its possible failure modes. The results of this work indicate 
that such a system could be constructed from materials and components requiring neither new 
technology nor major development, but significant engineering problems need to be carefully 
addressed. Incorporation of the system would result in a savings of prime energy required at 
the drive line of at least 18 percent for the EPA Urban Driving Cycle, and would be cost· 
effective if it can be manufactured and sold at less than about 12 percent of the selling 
price of the vehicle for which it is intended. 

INTRODUCTION 

The dramatic increase in petroleum based fuel prices over the past few years has given 
rise to various research and development efforts in the area of energy conservation. An 
example of such efforts is that aimed at regenerative braking systems for land vehicles. With 
such a system, vehicular kinetic energy would be converted to another form and stored as the 
vehicle stops; the stored energy would subsequently be converted back into vehicular kinetic 
energy when the vehicle next accelerates. Since some of the energy normally dissipated as heat 
in the vehicle's brakes would thus be used to help accelerate the vehi~le, the amount of prime 
energy required to propel the vehicle would have been reduced. 

The prime energy so conserved when such a system is used clearly depends on the driving 
cycle and the efficiency of the system. For example, an over-the-highway truck, which 
typically travels on the order of one hundred miles between stops, would show little or no 
energy savings even if the regenerative braking system had an efficiency of unity. On the 
other hand, urban driving typically includes one or more stops per mile and the energy savings 
could be quite significant. Figure 1 shows two portions of the EPA Urban Driving Cycle, and an 
accounting of the energy required at the driveline to propel a typical automobile over these 
two cycles is shown in Fig. 2. Notice-That when the freeway portion is included, 34.3 percent 
of the energy supplied to the driveline is ultimately dissipated in the brakes, whereas 42.5 
percent is dissipated in the brakes when the freeway portion is excluded. Thus, if an ideal 
regenerative braking system were available, the range per unit of prime energy as measured at 
the driveline could theoretically be increased by 1.52 and 1.74, respective, over the 
corresponding value of the standard vehicle for these two driving cycles. Obviously, if a 
driving cycle is such that there are more stops per mile, even higher improvements would be 
possible. Consequently, applications such as city buses, delivery vans, subways, etc. are 
particularly attractive applications of regenerative braking systems. 

There are two essential features which a regenerative braking system must have in order 
that the prime energy saved (over a specified lifetime) does offset the initial cost, size and 
weight penalties of the system: 

• The energy storage unit itself must be compact and capable of handling high power levels 
efficiently • 

• Any auxiliary equipment required to convert vehicular kinetic energy into a form 
suitable for storage and vice-versa must be efficient, compact, and of reasonable cost. 

As discussed in what follows, a regenerative braking system based on elastomeric energy 
storage promises to be capable of demonstrating both of these features. 
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Fig. 1. Portions of the EPA Urban Driving Cycle 

a) Freeway 
Portion 
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2.59 To 
Kinetic Energy 
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Brakes 
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Fig. 2. Accounting of Energy (M Joules) Required to Propel a Vehicle Over the Two Cycles of 
Fig. 1. . 
Vehicle Mass: 1400 kg 
Drag Coefficients: C1 = .12 N/kg 

C2 = .001 N•sec/k~"m 
C3 = .53 N•sec2/m 
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ELASTOMERIC REGENERATIVE "BRAKING SY~TEMS 
''\ 

Perhaps the single most important aspect ,of an elastomeric energy storage system for 
vehicular applications is its inherent simplicity. The elastomer and vehicle form a 
"spring-mass" combination which will naturally oscillate; consequently, ·they can exchange 
energy quite efficiently with absolutely no control. Thus, to decelerate a vehicle and 
simultaneously convert its kinetic energy into stored potential energy, one need only connect 
the axle or driveline of the vehicle to an elastomer such that the vehicle motion stresses the 
elastomer: this can be done with a simple clutch. Other energy storage systems for vehicular 
applications require more complex energy transfer equipment. In particular, if the energy 
storage methods mentioned below are to have system efficiencies high enough to make them 
attractive, the systems must include the following energy conversion and/or energy transfer 
equipment: 

• ·flywheel system - continuously variable transmission with a wide speed range 
• battery system - electrical machine and electrical power conversion equipment 
• compressed gas system - hydraulic pump/motor 
• pumped liquid system - hydraulic pump/motor 
• magnetic system - electrical machine 

Furthermore, the deceleration and acceleration character.istics of a basic elastomeric 
system (consisting of an elastomer and nothing more complicated than a clutch) are quite 
similar to actual stop-start driving characteristics. The basic system would thus be nearly 
ideal for vehicles which exhibit a repetitious stop-start velocity profile, such as subways, 
people-movers, certain city buses and delivery vans, etc. 

Unfortunately, the basic system would need to be modified for use on an automobile to be 
operated in an urban environment since in this application, there is considerable variation in 
successive stop-start cycles, primarily due to traffic congestion. The challenge, then, is to 
modify the basic system as little as possible in order to provide variation in the 
acceleration-velocity characteristics while simultaneously keeping the system efficiency high. 
The description and a comparison of the various torque control schemes which have been 
considered for this application are presented elsewhere. (1) 

COMPARISON OF ELASTOMERS 

As shown in Table 1, the.synthetics polybutadiene, polyester, and polyurethane were 
evaluated for use as the energy storage media and rejected on the basis of low fatigue life 
and/or high hysteresis loss. Unfilled natural rubber and synthetic natural rubber 
(cis-polyisoprene) were found to be the most promising for this application. 

TABLE 1. Properties of Various Elastomers 

Hysteresis Fatigue Life- Hardness 

Material Loss Cycle Comments (Durometer) 

Polybutadiene 50% 3 Poor Tear GOA 
Resistance 

Hytrel-Polyester 50% 3 High Modulus G5D 
Low Fatigue Life 

K-Prene 50% 4 . High Modulus GOD 
Polyurethane Low Fatigue Life 

Poly isoprene 10-20% >400 Acceptable 45A 

Synthetic Natural Not tested Hysteresis and 
Rubber to failure Fatigue Life 

Filled Natural Rubber 5-10% 500 Acceptable Hysteresis 45A 
Unlubricated Low Fatigue Life 

Unfilled Natural Rubber 5-10% >95,000 Acceptable Hysteresis 35A 
Lubricated and Fatigue Life 
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Based on small-scale test data, it is projected that the kinetic energy of a 1400 kg 
vehicle traveling at 13.5 m/sec could be stored ·in about 32 kg of material with a round-trip 
energy transfer efficiency of about 90 percent. Fatigue life is a function of initial and 
final strain limits, surface lubrication and environment, and a fatigue life in excess of 
50,000 cycles is being sought. The preparation of tests designed to determine the energy 
density, hysteresis loss and fatigue life of full~scale elastomeric subassemblies is 
currently underway. 

COMPARISON OF STRESSING SCHEMES 

Various· methods. of stressing an elastomer were also investigated. As shown in Table 2, 
pure t.ension was found .to have the highest energy per unit volume of elastomer, as expected •. 

TABLE 2. Comparison of Elastomeric Energy Storing Schemes 

ENERGY STORING SCHEME 

a) TENSI()N 

b) LINEAR 
SHEAR 

d) ROT A TIONAL 
SHEAR 

e) TORSION 

f) GRADED 
TORSION 
BAA 

Radii A;. Ao ~ 
Length L \.:::.J T 

Radius A. Length L 

;a.)....:.· .. _.··_...,_: _ __.1~ T 

-~ Radius A · · r 

Length L G(r) 

g) TORSIONALLY .. 1 ___ _...1 r:Q2;1~ T 
INDUCED 
TENSION Radius A 

Length L 

STRAIN . 

Lf-Li 
-L-.-

l. 

Lf-Li 
t 

Li-Lf 
-L-.-

l. 

29 
1-(R./R ) 2 

J. ·o 

Re 
L 

Unknown 

E/VElas 

1 E e:2 
2 

!_ G e: 2 . 
2 

1 G e:2 (s+l~e:) 2 

E/VTota1 

1 E e:2 ( 1!e: ) 2 

1 G e:2 
( l+~t/LJ 2 

1 Ge:2(1.~78 ~ 2 

1 G e:2 
< 2 

) 

See Equation 5. 

The scheme referred to as torsionally induced tension, however, promises to have the 
highest energy per unit of total occupied volume and to be considerably easier to implement for 
an automotive application. In this scheme, one or more rods are arranged parallel to one 
another and then sufficient torque·is applied tJ induce buckling. The resultant stress 
distribution and torque-rotation characteristics have not lent themselves to mathematical. 
derivation, but it was empirically determined that the torqu·e-rotation characteristics in the 
region of interest shown .in Fig. 3: could be specified in terms of the following quantities: 

K0 = l GR4/L 

Kn = 2 n2 K 3 0 

8 = ~L/R radians 
min n+l 

Tmin = Kn 8rnin 
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USEFUL REGION / 

8MIN 8 - RADIANS 

Fig. 3~ Empirical Torque-Rotation Characteristics of Elastomeric Torsion Bars in the Buckling 
Region 

In terms of these quantities, it was found that 

e > e - min (S) 

v1here R and. L are the radius and length of each elastomeric rod, G is the shear modulus, ·and n 
is the number of rods. 

The full-scale elastomeric subassembly is currently being designed around the 'torsionally 
induced tension scheme with n = 4 to be fabricated with cis-polyisoprene by incorporating two 
molded racetrack shapes of circular cross section. 

BREAK-EVEN COST ANALYSIS 

Rather than attempt to predict the life cycle cost of a vehicle equipped with a 
regenerative braking system, the difference in the life cycle cost of such a vehicle and a·n 
identical vehicle having no such system can be compared. This greatly minimizes the number of 
cost figures required and more readily points out the initial-cost vs. energy-savings 
relationship a regenerative braking system must.have in order that· it be cost effective. 

Assume the standard vehicle has the following known life cycle cost parameters: 

CrNIT - original vehicle cost per ~ile, depreciated 

CENG cost,of ener8Y to operate per mile, with_taxes excluded 

CoTHER - other operating costs per mile, including taxe·s, insurance, tolls, parking fees 
and maintenance costs 

Then the life cycle cost of operating such a vehicle is 

Cost/Mi'le = CINIT + CENG + CoTHER (6) 
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Next consider the same vehicle equipped with a regenerative braking system. The 
corresponding three costs would.be C1 INIT• C1 ENG• and C1 QTHER where 

C1 INIT = (1 + a)CINIT (7) 

C I - 1 c (8) ENG- 1+8 ENG 
) 

In these expressions, (1 +a) is the ratio of the purchase prices of the vehicles with and 
without the regenerative braking system, and (1 + 8) is the ratio of the miles per gallon or 
miles per kw-hr of the ~ehicles with and without the system. .. 

CoTHER and C1 QTHER can be estimated by.considering the data published by Liston and 
Aiken(ZJ of the U. S. Department of Transportation, which has been reproduced as Tables 3 and 4 
below. 

TABLE 3. Life Cycle Cost Values for Suburban-Based 
Operation of Compact Vehicles in 1976 

Trpe of Cost Cost - Cents per Mile 

CINIT 3. 8 . 
CENG 2.5 
COTHER 8.3 

Total 14.6 

TABLE 4. Breakdown of CoTHER Appearing in Table 3 

Type of Cost 

Taxes 
Insurance 
Garage, Parking, Tolls 

Subtotal 
Maintenance 

Total 

Cost - Cents per Mile 

1.2 
1.6 
2.1 
4.9 
3.4 

8.3 

These data show that of the three contributions to total cost, CoTHER is the dominant term, 
being nearly 57 percent of the total. Maintenance itself, however, is only about 23 percent of 
the total, suggesting that maintenance costs would have to be increased quite significantly to 
have much impact on total costs. As a first approximation, therefore, assume that 

,. 

C
1
0THER = CoTHER 

in Which case the life cycle cost of a vehicle with a regenerative braking system would be 

(Cost/Mile) 1 1 
(1 + a)CINIT + 1+8 CENG + CoTHER 

The differential life cycle cost of a vehicle with and without the system is thus 

8 
6(Cost/Mile) = (Cost/Mile) 1 -(Cost/Mile) =a CINIT-~ CENG 

(9) 

(10) 

(ll) 

In order that the regenerative braking system be attractive strictly.from the economic point of 
view, therefore, the above quantity must be negative, leading to: 

1 + 8 CENG 
a---<--

8 - CINIT 
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Thus, if Eq. 9 proves to be a valid assumption, substituting from Table 3 into Eq. 12 leads to 

1 '+ ~ 
a-.-~-~ 0.658 

as the relationship between initial cost and range improvement that a regenerative braking 
system must have in order that it be attractive strictly from the cost point of view. 

(13) 

Results of the analysis on a preliminary design of a complete ERBs(l) indicate a range 
improvement ratio of 1.22, i.e., ~ = 0.22, equivalent to a fuel saving of 13 percent, for 
the EPA Urban Driving Cycle. Substituting this value into Eq. 13 leads to 

l1l 

a ~ 0.12 (14) 

Thus, if the ERBS can demonstrate a range improvement ratio of 1.22, it would be cost effective 
if it can be manufactured and sold at less than about 12 percent of the original cost of the 
vehicle for which it is intended. 
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Project Title: 
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Organization: 

Project Goals: 

Project Status: 

Contract Number:-

Contract Period: 

Funding Leve 1 : 

Funding Source: 

PROJECT SUMMARY 

Flywheel· System Development for a USPS Delivery Vehicle 

Arthur E. Raynard 

AiResearch Manufacturing Company of California 
A Division of the Garrett Corporation 
2525 West l90th Street 
Torrance, California 90509 

To develop an experimental flywheel system that will sub­
stantially improve the performance of a battery-electric 
postal delivery vehicle. 

The flywheel propulsion system has been designed, fabricated, 
and developed. System development tests have been performed 
using a dynamic simulator to operate the propulsion system 
in a eye! ic manner with a vehicle load. The vehicle has 
been modified to incorporate the flywheel propulsion system 
and vehicle checkout tests are in progress. 

The development program has been delayed from the original 
schedule as a result of changes to the design as required 
from the development tests. The principal effort was 
directed towards the development of a power transistor 
inverter for the electronically commutated motor. Additional 
major development efforts were required to develop the 
control logic for propulsion system command and control 
and to deve 1 op the f l ywhee 1 power unit. 

The use of a low voltage traction battery was required so 
that a comparison can be made between the original elect.ric 
propulsion system vehicle performance and the modified 
vehicle using a flywheel system. However, this low voltage 
system has required a larger current capability for the 
electric power inverter than originally expected. This 
resu~ted in major modifications in the inverter design with 
replacement of the power transistor. The redesigned 
inverter is operating in a satisfactory manner. 

The incorporation of a flywheel into a combined-function 
assembly that includes the flywheel clutch, the electric 
motor, and a gear reduction unit resulted in excessive oil 
churning losses. A program to ·reduce these losses has 
resulted in a satisfactory level of flywheel mechanical loss. 

DE-AC04-77CS03748 

11/22/76 to 8/31/79 
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U.S. Department of Energy, Division of Energy Storage Systems 
and Electric Vehicle Systems; and the U.S. Postal Service 
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ELECTRIC/FLYWHEEL POWERED 
POSTAL VEHICLE DEVELOPMENT PROGRAM 

Arthur E. Raynard 
AiResearch Manufacturing Company of California 

A Division of the Garrett Corporation 
2525 West 190th Street 

Torrance, California 90509 

ABSTRACT 

A review of the DOE/USPS/AiResearch electric battery/flywheel powered DJ5E Postal 
Vehicle development program is included in this paper. The program goals are stated. The 
design and development of the flywheel energy storage unit including a description of the 
components is reviewed. The program status, .including development problems and solutions, 
is discussed. A DJ5E Postal Vehicle has been modified by removal of the D.C. electric 
motor and controller, and a flywheel power unit replaces the original system. The new 
propulsion system features a smal 1 steel flywheel, a brushless D.C. motor, and a mechanical 
vari-belt transmission. 

INTRODUCTION 

There exists a recognized petroleum fuel shortage and air pollution problem. Since 
the USPS operates one of the nation's largest vehicle fleets, it must make every effort 
possible to reduce fuel consumption and air pollution. As a result, the USPS has procured 
350 electric vehicles for use on selected park and loop delivery routes. However, the 
performance of these 350 electric vehicles is 1 imited in range and in number of starts and 
stops between battery charges. The purpose of this project is to develop a flywheel system 
which will increase the performance capabilities of electric vehicles so that they can 
perform the postal delivery mission· over a greater number of routes. 

The DOE/USPS/AiResearch development program involves the design, fabrication, and 
installation of a flywheel system in a l/4-ton postal delivery vehicle. The AM General 
DJ5E Electric Vehicle has been modified by removal of the electric motor and its controller 
which is replaced by a flywheel regenerative boosting system, along with associated control 
and charging systems. The purpose of installing the flywheel system is to demonstrate the 
performance benefits that are possible when operating the vehicle in start-stop cyclic 
operation. These benefits apply to both the acceleration rate and the number of start-stop 
cycles that can be achieved on a single battery charge. 

· PROGRAM GOALS 

The primary program goal is to determine that the vehicle performance can be improved 
by incorporation of the flywheel system into an existing electric vehicle. The performance 
comparison is shown in Table 1. 
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POSTAL SUPPLIED 
AM GENERAL DJ-5E IMPROVED DESIGN 

ACCELERATION 0-30 MPH IN 25 SEC 0.30 MPH IN 12.5 SEC 

TOP SPEED 33 MPH 33 MPH 

GAADEABI LITY 10% GRADE@ 10 MPH 10% GRADE @ 20 MPH 

SIMULATED 350 STAAT/STOPS OVER &00 SlAnT/STOPS OVER 
POSTAL ROUTE DISTANC E OF 10 MILES DISTANCE OF 14 MILES 

RANGE 27 MILES AT 30 MPH 27 MILES AT 30 MPH 

Table 1. Flywheel Powered Vehicle Performance Comparison 

An additional goal is to provide a vehicle propulsion system that is ready for opera­
tiona 1 use. 

PROGRAM SCHEDULE 

The program was started in December, 1976, and has proceeded through design, fabrica­
tion, component development, system testing and vehicle checkout. Currently , the vehicle 
is being prepared for acceptance testing in September. 

FLYWHEEL PROPULSION SYSTEM 

In the Postal Delivery Vehicle (Figure 1) AiResearch is applying a multiple thin-disc 
flywheel energy storage system to a battery-powered vehicle to increase its useable stop­
start capability, useful range, and acceleration into traffic, while reducing the maximum 
battery current demand from 600 amp to 270 amp. 
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FLYWHEEL CHARACTERISTICS 

• ENERGY STORED = 0.134 KWH 
• SPEED = 28,000 TO 36,000 RPM 
• NO. OF DISCS : 6 
• SIZE 7.5 IN. OD, 0.44 IN. THICK 
• WEIGHT= 33.2 LB 
• MATERIAL = 4340 STEEL 

Fig. 1. DOE/USPS Delivery Vehicle with Multiple Thin-Disc Flywheel ESU 

The flywheel power unit replaces the original electric motor, and the flywheel assists 
the electric motor in propelling the vehicle, reducing the pov1er required from the battery 
during peak-demand - transient operating periods. The flywheel is also used to regenerate 
the braking energy. The electric motor drives the vehicle to 7 mph, reaching its full 
36,000-rpm speed. At that point the flywheel fluid coupling is engaged and the flywheel 
is used to drive the vehicle to its 33-mph cruise speed through the varjable-ratio V-belt 
drive. The process is reversed during braking; the traction wheels supply energy to the 
flywheel while slowing to 7 mph. Below 7 mph and during emergency stops, the servi ce 
brakes halt the vehicle. During idle, the fluid coupling is disengaged and the flywheel 
is the only component that is rotating. A propulsion system block diagram is shown in 
Figure 2. The original battery is used with a revised controller and power train. 
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RATIO CONTROLLER 

Fig. 2. Propulsion System Block Diagram 

POWER TRAIN 

WHEELS 

ELECTRICAL POWER INVERTER 

The inverter provides a means to switch the D.C. battery power by electronically 
commutating at a frequency synchronous with the motor speed. The motor contains three 
position pickups that provide the commutating signal for the application of current to 
the 3 phase motor stator. In this manner, the inverter frequency varies as the motor 
changes speed and is always "locked in" in a synchronous manner. 

The inverter driver circuit also pulse-width modulates the transistors to control 
the motor torque and to I imit the maximum allowable transistor current. Appropriate 
snubbing devices and free-wheeling diodes dissipate the electrical energy remaining in 
the motor winding when each transistor is switched off. The inverter is shown in Figure 
3, which is a photograph of the inverter and flywheel power unit installed in the vehicle 
chassis. 
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Fig. 3. Inverter and Power Unit Installation 

Each of the six inverter legs is constructed by paralleling 16 transistors to achieve 
the required current carrying capacity to supply motor power. The transistor installation 
is shown in Figure 4. 

Fig. 4. Inverter Transistor Installation 
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CONTROLLER 

The controller installation is shown in Figure 5. 

Fig. 5. Controller and Inverter Installation 

The controller contains 13 circuit cards that include both the inverter logic and the 
various driver to power unit commands and control log ic. Driver inputs are the foot pedal 
position of the accelerator pedal and the brake pedal. Additional inputs are the forward 
and reverse switch and the ignition and start switches. · 

The controller also senses the vehicle and flywheel speeds, flywheel engagement, and 
the mechanical transmission V-belt torque and ratio 1 imit. 

Commands are given to control the transmission ratio, to engage and disengage the 
flywheel, to modulate the inverter-to-motor power level, and to maintain the flywheel speed 
at a programmed value. The motor power is reversed to drive the vehicle in reverse. 

SENSORS 

The control system includes a number of sensors, which provide the required input 
signals. Some of these are continuously monitori ng (such as flywheel speed), some indicate 
a specific condition (such as V-belt pulley limit), and others are operator controlled 
(such as the accelerator). The function of each of these sensors is described below. 

Motor Rotor Position 

There are three pickups which sense rotor position to provide information to the 
inverter logic so as to properly phase the stator field with respect to the rotor magnetic 
poles. 
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Motor Speed 

A signal is taken from one of the rotor position sensors, which generate pulses whose 
frequency is proportional to speed, to perform these functions: 

1. A signal for motor-flywheel speed match for fluid coupling engagement. 

2. A signal to indicate motor overspeed, which initiates these actions: 

a. De-energize the fluid coup] ing solenoid to disconnect the fluid coupling. 
This prevents flywheel overspeed. 

b. Shut off power to the motor. 

c. Put the V-belt pulleys into min-min condition. This prevents motor overspeed 
by regeneration from the vehicle. 

3. To provide an indication of low motor speed at "full" accelerator when under 
V-belt control. This is one condition required to initiate a V-belt ratio ch~nge 
to a lower ratio (lower gear) to prevent motor staJ 1 when climbing hills. 

Flywheel Speed 

A speed sensor is located at the outboard end of the flywheel shaft to provide these 
functions: 

1. Information for flywheel energy management. 

2. Prevent flywheel overspeed: 

a. De-energize the fluid coup] ing. 

b. Shut off power to the motor. 

c. Put the V-belt pulleys into min-min condition. 

3. Indicate motor-flywheel speed match for fluid coup] ing engagement. 

4. Provide signal for "at speed" condition which de-energizes the start switch 
holding relay. 

FLYWHEEL POWER UNIT 

The flywheel power unit block diagram is shown in Figure 6 and the interior view is 
shown in Figure 7 .• 
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Fig. _6. DOE/USPS Delivery Vehicl~ Power Train 

Fig. 7. Flywheel Power Unit 
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FLYWHEEL ASSEMBLY AND GEARBOX 

Rotor - the rotor is constructed of 6 disks of 4340 steel that are attached to the 
shaft by a thermal interference fit. 

Rotor Characteristics -

Kinetic Energy , 357,000 Ft-lb, at 36,000 RPM 

Ip , . 0502 Ft-Jb-sec 2 

O.D. 7. 5 in. 

Length 2.64 in. 

Weight , 35 pounds 

Housing- the flywheel housing forms the mounting and containment structure for all of 
the rotating components. The housing is shown in Figure 8 with the motor rotor and shaft 
also shown. 

Gearbox - the gearbox reduces the motor and flywheel speed through a t wo step gear 
ratio of 11.74 to I. The gears are he! ica l , ground and hardened to minimize noise and redu ce 
wear. All bearings are rolling element type to reduce losses. · 

Lube/Vacuum - the lube and vacuum pump is a single internal gear pump that provides both 
pumping functions. Oil and air are pumped from the flywheel cavity and pumped into an 
external tank. Atmospheric pressure in the tank provides the head to supply the lubrication 
and cooling circuits for the flywheel, motor and fluid coup! ing. 

Fig. 8. Flywheel Housing 

474 



Fluid Coupling- the fluid coup! ing acts ' as a clutch to engage the flywheel and motor 
when the propulsion system is accelera t ed to flywheel speed. The fluid coup! in g mini mizes 
shock engagement and wear. Operation of the clutch occurs when lube oil fluid is intro­
duced through an axial port in the rotating shaft into t he coupling. A continuous bleed 
through the clutch prevents overheating the fluid. 

The coup] ing consists of three separate details (1 ) a dri v ing half, (2) a driven half , 
(3) a shroud that is fastened to, and rotates with the driving half, but encloses the outer 
periphery of the driven half. 

The brushless D. C. motor consists of two principal elements; a 3 phase stator winding , 
and a 4-pole permanent magnet rotor. In addition , 3 prox imity probes are attached to the 
motor housing to supply position signals to the inverter. 

The rotor uses samarium-cobalt magnets encased in a high strength inconel jacket. 
These magnets provide the field excitation required to generate the electro-magnetic 
rotating field for electrical torque between rotor and stator . This torque is constant for 
any given value of stator current. Motor torque is increased or decreased by changing the 
stator current. The motor ro t or and stator are shown in Figure 9 which also shows the 
mechanically commutated D.C. motor used in the original electrical propulsion system 
installation. 

Fig. 9. Original and Replacement Electric Motors 
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MECHANICAL TRANSMISSION 

The mechanical transmission provides an overall ratio change of 7 to 1 to transmit 
power from-and-to the flywheel and the vehicle wheels. 

The variable belt transmission consists of two pulleys, connected by a V-section belt, 
both of the pulleys being adjustable to vary the operating pitch diameter. A photograph 
of the transmission is shown in Figure 10. 

Fig. 10. Vari-belt Mechanical Transmission 

The transmission ratio is controlled by reducing the axial spacing of the driver pulley, 
when accelerating. Torque transmission is proportional to the force applied against the 
pulley. The actuation system is shown in Figure 11. 

Fig. 11. V-Belt Actuation System 
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This procedure is reversed when the vehicle is braked. 
5 . . 

The driver command is servo controlled by applying pneumatic pressure a~ainst a 
rotating actuation cylinder in the driver pulley that is proportional to the foot pedal 
position. The driven pulley i.s pressurized with sufficient pressure to prevent belt 
slip. This process is reversed when the ratio is changed back to its starting position. 

VEHICLE ACCEPTANCE TESTS 

Vehicle acceptance tests will be performed when the vehicle checkout,. which is 
currently in process, is completed. The acceptance tests are summarized in Figure 12. 

FACILITY 
FEATURES 

LEVEL PAVED 
TEST COURSE 
1400 FT BY 
430FT 
LEVEL 
PAVED 

TESTS CONDUCTED 

FORWARD-REVERSE CYCLES 

• GENERAL DRIVEABILITY 

· •·. ACCELERATION 0-30 MPH 

• DECELERATION 30-0 MPH 

POSTAL CYCLES 

CITY STREET • MAXIMUM SPEED 
> 1/2 MILE 
STRAIGHT LEVEL • DASH 
ROAD WITHOUT 
CROSS STREETS 

CITY STREET WITH •· GRADEABILITY 
APPROXIMATELY 10% 
GRADE FOR 150 FEET 

Fig. 12. Postal Vehicle Acceptance Tests 

The tests will be conducted in a level, paved parking Jot and in city streets located 
in Torrance, California. 
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Organization: 

Project Goals: 

Project Status: 

Sub-contract Number: 

Contract Period: 

Funding Level: 

Funding Source: 

PROJECT SUMMARY 

Regenerative Flywheel Energy Storage System 

E.L. Lustenader, I.H. Edelfelt, D.W. Jones, 
A.B. Plunkett, E. Richter and F.G. Turnbull 

General Electric Company 
Corporate Research and Development 
Schenectady, New York 12301 

To laboratory test a flywheel energy recovery system sized 
for a 3000 pound class battery/flywheel electric vehicle. 
To perform propulsion system tests simulating an electric 
vehicle operating under various SAE driving cycles (sched­
ules A,B,C,&D). Establish the range improvements attributed 
to the flywheel. Conduct a life cycle cost comparison of 
three vehicles: ICE, Battery & Battery/Flywheel. 

All hardware for the flywheel energy propulsion system has 
been designed, fabricated and installed in the laboratory. 
Components include: 

• An energy storage package comprised of a 20,000 rpm, 
six pole, solid rotor inductor type flywheel drive motor 
coupled to a steel flywheel. This energy storage pack­
age is designed to recover 105 watt hrs. of braking en­
ergy. 

• An 8 SCR load commutated inverter, a hybrid reverser 
and an inverter control for powering the energy storage 
unit. 

• A separately excited DC propulsion motor, a flywheel to 
simulate vehicle inertia, an electrical load machine to 
provide road loss, and a torque transducer to measure 
the propulsion motor torque. 

• A 108 volt lead acid battery bank to provide the pro-
pulsion energy. 

System control and data acquisition will be done using two 
computers operating in real time. The computer software 
has been written and is now being debugged. The system 
has been operated in the following modes: 

• Acceleration of the· flywheel from the battery. 
• Transfer of energy from the flywheel to traction motor. 
• Operation of traction motor from battery source. 
• .Regeneration from traction motor to flywheel unit. 

'Operation of the total system on the SAE J227a D cycle has 
not yet been accomplished. The life cycle cost comparison 
has been completed. 

8990503 

FY 78, 79 

$538,87& 

U.S. Department of Energy, Lawrence Livermore Labs. 
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REGENERATIVE FLYWHEEL ENERGY STORAGE SYSTEM 

E.L. Lustenader, I.H. Edelfelt, D.W. Jones, 
A.B. Plunkett, E. Richter and F.G. Turnbull 

General Electric Company 
Corporate Research and Development 

1 River Road 
Schenectady, New York 12301 

ABSTRACT 

This paper describes the current status of a program to develop and evaluate a regener­
ative flywheel energy storage system. The system has been designed for a battery/flywheel 
electric vehicle in the 3000 pound class. Planned laboratory tests will simulate this elec­
tric 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 sys­
tem will consist of a solid rotor, synchronous inductor-type flywheel drive machine electri­
cally 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 provides a 
portion of the vehicle's accelerating energy and regenerates the vehicle's braking energy. 
The laboratory simulation of the electric vehicle 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 

A flywheel energy storage system was initially conceived by General Electric and pro­
posed for demonstration to the Department of Energy, Division of Energy Storage Systems. 
The overall objective of the program was to demonstrate new technology associated with a fly­
wheel energy storage system comprised of a composite flywheel coupled directly to an AC syn­
chronous motor/alternator. The motor/alternator/flywheel unit would be hermetically sealed 
with the rotating assembly operating in a low pressure helium atmosphere. The motor/alterna­
tor would receive power from a solid state inverter/rectifier unit designed to provide the 
necessary frequency control from a constant DC vo.ltage power supply. 

A follow-on to Contract EY-76-C-02-4010, which is the subject of this paper, ·was initi­
ated in March 1978. The specific objective of this new program is to laboratory test an im­
proved flywheel energy recovery system sized for a battery/flywheel electric vehicle weigh­
ing about 3500 pounds. Laboratory tests will be made to simulate the electric vehicle oper­
ating under the SAE J227a Schedule D driving cycle. The objective is to determine the range 
improvement that can be attributed to the use of a small flywheel in combination with the 
battery bank. 

SCOPE OF CURRENT PROGRAM 

To achieve the program objective, an improved flywheel energy recovery propulsion sys­
tem was designed, fabricated, and installed in the laboratory. The scope of the overall pro­
gram was as follows: 

• Establish specifications for the regenerative flywheel energy storage system and prepare 
a test plan. These specifications were based on tradeoff studies among system weight, 
component efficiency, and performance. 

• Design a new, improved, inductor motor/flywheel energy storage package for a 3000 pound 
class electric vehicle. Test results from the first phase of the DOE program were 
utilized in arriving at this design. 
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1 Design a new inverter. The fourteen SCR inverter/rectifier which was demonstrated on 
the first contract was replaced by a new eight SCR unit and a hybrid reverser. The 
use of a hybrid reverser, composed of diodes and a power contactor, obviates the need 
for the six additional SCR's originally proposed for braking. 

1 Test the regenerative flywheel energy storage propulsion system in the laboratory. In 
order to simulate an actual driving cycle, a load flywheel was designed to simulate 
the inertia of the 3000 pound vehicle. This was coupled directly to a new separately 
excited 0C propulsion motor. 

The simulated propulsion system consists of a 108 Volt lead-acid battery bank, the DC 
propulsion motor with 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 an electric vehicle. It will be operated over the simu­
lated driving cycle, 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 flywheel/battery propulsion package. 

OVERALL VEHICLE SYSTEM.STUDIES 

In analyzing the performance of a flywheel/battery powered vehicle operating on a duty 
cycle such as the SAE J227a Schedule D, a number of operating modes were evaluated. 

The final mode selected is shown in Figure 1. The shaded area represents energy sup­
plied by the flywheel. 

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 the back EMF of the traction.motor exceeds battery voltage. At 
this point, flywheel energy is used uniformly over the remainder of the accelerating period 
with the additional required armature power being supplied by the battery. Cruise power is 
supplied totally by the battery. Braking energy is ·recovered and stored in the flywheel. 
System losses are supplied to the flywheel from the battery during the idle period. 

The projected range of the vehicle in this mode of operation is shown in Figure' 2. 

FLYWHEEL ENERGY STORAGE PACKAGE 

ELECTRICAL DESIGN 

The electrical machine finally selected from tradeoff studies was a 6~pole machine oper­
ating with a maximum speed of 20,000 rpm, with a rotor radius of 3.6 inches and a rotor 
length of 3.44 inches. A cross section of the machine is shown in Figure 3. 

MECHANICAL DESIGN 

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 
minimize flux leakage, which tends to saturate the magnetic iron and magnetize the ball bear­
ings, making them traps for magnetic wear particles. The stub shafts are hollow to reduce 
weight. 

DESIGN STRESSES 

The energy stored i·n the inductor motor rotor is approximately 15 watt-hours over the 
speed range of 10,000 to 20,000 rpm. An additional 90 watt hours is stored in the flywheel. 
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The flywheel operates at a relat}vely modest stress level in order to produce a factor of 
safety of 2.0 relative to the 10 cycle curve for alternating stress. 

POWER CONDITIONER & CONTROL 

POWER CONDITIONER 

The power conditioner is a load commutated inverter similar to the system provided by 
General Electric under the previous contract (EY-76-C-02-4010). The new unit, however, is 
lighter and smaller than the original load commutated inverter (LCI), since it requires only 
six power thyristors instead of twelve. Reversal of power flow is provided by a hybrid re­
verser (two diodes and two contactors) rather than a second set of six thyristors. Figure 4 
shows the new eight SCR inverter. A block diagram of the entire laboratory system is shown 
in Figure 5. The four major components for the electrical portion of the drive system (bat­
tery, propulsion motor, hybrid reverser, and load commutated inverter/rectifier) are shown 
together with the electromagnetic contactors that connect the various components in the 
several configurations in which the system operates. 

Figure 6 shows the power and auxiliary thyristors of the load commutated inverter/recti­
fier. In this system, power flow is accomplished by reversing the direction of the DC volt­
age while maintaining the current flow 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 those provided in the previous contract. 

This configuration of the power circuit was chosen to permit recharging of the flywheel 
from the battery during conditions of either vehicle stopped or cruise speed operation. 

The electrical requirements of the load commutated inverter (relating to its DC side) 
when operating over a simulated SAE J227a ScheduleD driving cycle are given in Figure 7. 
Negative current indicates power flow either from the propulsion motor, which acts as a gen­
erator during braking, to the flywheel or from the battery to the flywheel. During the con­
dition in which the battery is supplying power to the propulsion motor or to the flywheel 
motor, the voltage will be in the range of 75 to 108 volts depending on the state of bat­
tery charge. 

SYSTEM CONTROL 

The control system is required to regulate the operation of both the energy storage 
flywheel system and the vehicle traction motor. The control system uses two computers oper­
ating in real time. The first is a Digital Equipment Corporation PDP 11/34 used primarily 
in an overall supervisary role controlling driving cycle modes, acquiring the data from the 
sensors, outputing lower speed analog and digital signals to the second computer and print­
ing out the summary data. The second computer is an Electronic Associates Inc. EAI 681 
hybrid controller used for the high speed real-time analog control loops for the load com­
mutated inverter together with high speed calculations of analog parameters. The digital 
portion of this computer is used for the initial starting and accelerating of the flywheel 
together with the determination of several of the driving cycle mode transitions. Figure 8 
shows the interrelationship between the two computers and the experimental set-up together 
with the interface between hard-wired control cards and sensors and software control accom­
plished on the computers. 

Figure 9 shows the location of the electrical and mechanical signals used by the con­
trol system for data acquisition and control of the entire flywheel energy storage and sim­
ulated vehicle systems. In order to scale the electrical signals and provide electrical 
isolation, commercially available transformer isolated gain modules were provided. 

The primary control loop for the load commutated inverter consists of an outer current 
regulator together with an inner angle loop to maintain synchronism between the synchronous 
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motor and the load commutated inverter. This control system does not require a mechanical 
shaft position sensor. 

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 cu;rrent, flywheel speed, and DC link voltage. The second 
control 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 those periods when the 
battery supplies all the power to the propulsion motor. The two field currents are also con­
trolled as a function of the mode of operation of the system. For example, during mode 3 
(steady-speed operation), the flywheel is inactive and its field current is programmed to a 
fixed low value. This will reduce the machines losses when integrated over the duty cycle, 
thereby improving its energy efficiency. Sufficient field excitation must be provided in 
order that the inverter control can always be synchronized with the machines back EMF. 
Similar reductions in the traction motors' field current occur during mode 6 when the 
vehicle is stopped and there is no need for field excitation. 

In a similar manner, the armature current from the traction motor (IA) and the DC cur­
rent from the flywheel energy storage system (IDC) are also controlled and regulated as a 
function of the vehicle operating mode. This system is more complex than the field current 
regula tor's because during mode 2 (acceleration above the motoring corner point) both current 
regulators must be active in order to share the total current supplied to the traction motor. 
A more detailed block diagram of the DC current regulating loops that are active in each mode 
of vehicle operation is shown in Figure 10. 

SYSTEM TEST 

An existing laboratory test facility has been modified for use on this contract. The 
facility includes a new separately excited DC propulsion motor, a flywheel simulating vehicle 
inertia, an electrical load machine to provide road loss, and a torque transducer to measure 
the propulsion motor torque. Figure 11 shows this assembly installed in the laboratory. 
This equipment together with a 108 volt battery bank, the invert~r/rectifier, the inductor 
motor/alternator/flywheel package, and the hybrid controller has been a~sembled in the labo­
ratory for component and system testing. 

Figure 12, from left to right, shows the computer programmable DC power supplies used to 
provide field current to the three rotating machines, the breadboard load commutated inverter, 
the DC contactor panel and on the right, the hard wired inverter logic and gating control 
cards. At the far right is an eight channel recorder used for data presentation and system 
debugging. 

The two digital computers used for system control, data acquisition, and repetitive 
driving cycle control were existing laboratory equipment programmed for this specific project. 
Each computer has associated with it a set of peripheral equipment for input/output and com­
munication with the operator. Examples are graphics terminals with hard copy capability, 
disks for program and data storage and line printers. Figure 13 shows the system programmers 
operating the PDP 11/34 terminal and in the background, the EAI 681 analog panel. 

' 
Major computer sub-routines are programmed on the digital portion of the EAI hybrid 

computer. Since the system operates in a real-time mode, the entire program is interrupt 
driven from a fixed time increment clock. A start sub-routine is used to control the initial 
start up of the flywheel energy storage system. This separate operation is not repeated 
during the driving cycle tests as it is not one of the normal repetitive modes of operation. 

In a similar manner, the PDP 11/34 computer sub-routine operates in real-time interrupt 
mode. The repeat time internal is 100 milliseconds. This rapid and repetitive acquisition 
of the data provides for accurate integration and summation of the rapidly changing measured 
quantities. The data is written to a file for later data analysis and graphing after the 
series of driving cycles has been completed. 
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STATUS 

At the time of preparation of this paper, the system has operated in each of its con­
trol modes. The flywheel has been charged from the battery, this energy transferred to the 
traction motor, traction motor operated at full speed and regenerated to the flywheel. The 

. control is being debugged and a complete D cycle with measurements is anticipated shortly. 
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PROJECT SUMMARY 

Project Title: LLL/AiResearch Advanced Energy ·storage Unit Development Program 

Principal Investigator: Leo V. Norrup 

Organization: AiResearch Manufacturing Company of California 
A Division of the Garrett Corporation 
2525 West 190th Street 
Torrance, California 90509 

Project Goals: To design and build an advanced state-of-the-art flywheel energy 
storage unit (ESU) that represents a step increase in technology 
and provides a baseline standard of perf~rmance. 

Project Status: 

Contract Number: 

Contract Period: 

Funding Level: 

Funding Source: 

The ESU has been designed and the hardware fabricated. A summary 
of the testing is as follows: 

Testing Status - the maximum lube-coolant pump power was determined 
to be 35 W. The variable frequency, variable.voltage electrical 
power drive is in place and operational. The electronic con­
troller, which is used to automati_ca-lly control the ESU, has been 
checked-out in the system. 

Problems Encountered - the major effort has been expended trying 
to trim balance (at speed) the ESU rotating group. During the 
balancing process.it was determined that the molecular pump was 
not performing to specification, i.e., the minimum flyw~eel 
cavity chamber pressure attained was 40-microns at 40,000 rpm. 
The successful balancing of the unit was nearly completed when 
the motor rotor failed during test. A failure investigation 

·determined that 2 to 3 bars of the cast copper rotor had failed 
due to casting porosity. 

Corrective Action - the molecular pump stator geometry was changed 
from 4 lands and grooves to 3. Prior to the motor failure, it was 
determined that the ESU had a moment unbalance. An additional 
probe will be attached at the lower end of the rotating group to 
aid i~ trim balancing during test. A high strength back-up rotor, 
fabricated using extruded zirconium-copper, is available. This 
results in a porosity free rotor. 

9676603 

May 1, 1978 to November 30, 1979 

$593K 

University of California, Lawrence Livermore Laboratory 
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LLL/AIRESEARCH ADVANCED ENERGY 
STORAGE UNIT DEVELOPMENT PROGRAM 

Leo V. Norrup 
AiResearch Manufacturing Company of California 

A Division of the Garrett Corporation 
Torrance, California 

ABSTRACT 

This paper includes a review of the LLL/AiResearch advanced flywheel energy storage 
unit (ESU) development program. The program scope and goals are stated. A description of 
each of the major hardware subassemblies is included. The development test program tasks 
are defined and a summary of the testing in terms of status, development problems, and 
corrective actions is discussed. 

The energy storage unit is a self-contained, hermetically sealed, package that 
features a light-weight.composite material flywheel and a high-power. density electrical 
input/output machine. The. ESU was designed for a vehicular application. 

INT-RODUCTION 

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. The flywheel energy storage unit can provide substantial benefits to trans­
portation 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 electrochemical 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 
station-charged electrically-powered vehicles.· 

The LLL/AiResearch flywheel. energy storage unit (ESU) technology development 
program was initiated to demonstrate the advanced state-of-the-art in flywheel ESU 
technology and to provide actual hardware that is suitable for integration into a 
vehicular propulsion system. The availability of the hardware will allow the benefits 
of flywheel mechanical energy storage (I~ES) to be assessed in an operational environ­
ment. 

PROGRAM GOALS 

The program was established with two goals in mind: 

t To design and build an advanced state-of-the-art fiywheel ESU that represents 
a step increase in technology and provides a baseline standard of performance, 
and · 

• To configure the ESU such that it may serve as a test bed for demonstration 
and evaluation of other flywheel concepts. 
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The current state-of-the-art ESU technology for a unit with a total energy storage 
capacity of 250 Whr is 1.1 Whr/lb (Fig. 1). The specific energy goal for this program's 
unit is 3.0 Whr/lb. It is evident that as t.he amount of stored energy increases for a 
fixed power output, the specific energy of the ESU will increase (Fig. 1). 
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Fig. 1. Program Goal and Technology Guideline 

. ISU DESIGN APPLICATION 

The maximum benefits that may be gained by the incorporation of mechanical energy 
storage (MES) into. vehicular propulsion systems are obtained by combining the co.ncepts · 
of load-leveling the prime source(s) and recovering vehicle ·kinetic energy by regeneration. 
These benefits are inutitively achievable and large, and have been indirectly demonstrated · 
in past programs. ·There has been extensive analytical work done to configure and evaluate 
vehicles with hybrid heat-engine propulsion arrangements. These evaluations have covered 
a spectrum of vehicles from a 40-ft bus to a 4-passenger commuter car. 

A flywheel MES/heat-engine hybrid propulsion system was designed for a 1985 family 
sedan that incorporates the LLL/AiResearch ESU, (Fig. 2). The sedan has a curb weight 
of 3000 lbs 'and is equipped with a transverse-mounted 1.5-liter· spark-ignition heat 
engine. The flywheel/heat engine Qybrid propulsion system shown in this figure provides 
the sedan with transient pe.rforman~e that is normally associated with vehicles equipped. 
with large V-8 engines. The fuel economy of. the·sedan over·the'Federal urban driving 
cycle (FUDC) is ~redicted to be 40 mpg. 
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ESU I?_ESIGN APPLICATION 

'· 

SALIENT FEATURES •1985 FAMILY SEDAN 

• 3600 LB. TEST WEIGHT 
I 

• 1.5L ICE (GASOLINE) 

• 0.250 KWHR FLYWHEEL 

• 40 MPG (FUDC) 

• 0-60 MPH 13 SECONDS· 

Fig. 2. ESU Design Application (Vehicular Use) 

A summary of the ESU program scope is shown in Fig. 3. The four major tasks are 
identified and their relative time phasing depicted. The 19-montn program was initiated 
May 1, 1978 and is scheduled to be complete November 30, 1979. The purpose of Task 1, 
Design Tradeoffs, was to determine the best flywheel/electrical input-output machine/ 
bearings/lubrication/and vacuum system combination such that the resulting ESU assembly 
meets the program goals and design criteria that was established for the vehicular 
application. Task 4, Testing and Evaluation, is currently in progress and is scheduled 
to be complete within the identified 9-month period. 

PROGRAM SCOPE 

MONTHS AFTER START OF PROGRAM 
1978 1979 

MAY 1, 1978-. M J J A S 0 N D J F M A M J J A S 0 N 

TASK 1 

DESIGN TRADEOFFS 

"'" 
.. 

STUDY REPORT __ --

TASK 2 

HARDWARE DESIGN • • 
TASK 3 t 

HARDWARE FAB _ -- -- ."'" 
TASK 4 

TESTING AND EVAL _ -- -
TEST REPORT __ _:_ -- -- - ·-- -- \. 

Fig. 3. Program Scope 
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TRADEOFF RESULTS 

The major tradeoffs were performed for the flywheel and the electrical machine. 

FLYWHEEL TRADEOFFS 

The flywheel tradeoffs considered weight, speed, material, and containment. Two 
materials were included, Kevlar and S-glass. The rim velocity limits were 2500 fps and 
2200 fps, respectively. 

The weight shown on Fig. 4 includes rotor, containment, molecular pump, and flywheel 
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 of the experience derived by development work on composite flywheel 
rotors for the Department of Energy Near Term Electric Vehicle program. The weight 
difference between the two materials is minor and the program risk was minimized. 
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ELECTRICAL INPUT/OUTPUT MACHINE TRADEOFFS 

Five types of machines were parametrically designed in terms of weight, speed.range, 
and part power efficiencies. They are identified in Fig. 5. Each machine's best weight, 
which corresponds to its weight at the indicated speed, is listed along with its charac­
teristic efficiency. The upper limit on speed was established based on mechanical 
constraints· (vibratory and strength) in terms of. rotor length/diameter ratio and tip speed. . \ 

The induction machine was determined to be the most compatible with the composite 
flywheel technology in the energy level of interest. The composite flywheel/induction 
machine combination results in a minimum weight ESU. The induction machine is also the 
least costly of the candidates to produce in quantity. 
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ELECTRICAL MACHINE 
TRADEOFF RESULTS 

BEST 100% CHARACTERISTIC 
MACHINE WEIGHT SPEED EFFICIENCY 

TYPE LB. RPM % 

SALIENT POLE 28.5 25,000 89 
SYNCHRONOUS 

ROUND ROTOR 
I 
23 36,000 83 

SYNCHRONOUS ----- ---- r--- --~---

INDUCTION 16 42,1!QO 

~-~------- ----
HOMOPOLAR 25 60,000 89 
INDUCTOR 

IRON LESS NO SOLUTION <14,000 
PERMANENT 
MAGNET 

\ 
SELECTED MACHINE 

Fig. 5. Electrical Machine Tradeoffs 

FLYWHEEL ESU DESIGN DESCRIPTION 

A full cr0ss-section isometric view of the hermetically sealed ESU is shown in Fig. 6. 
The ·transfer of energy in_and out of the unit is accomplished by the electrical induction 
machine that is coupled·directly to the composite flywheel. 

The slip control method used to modulate the power is based on comparing electrical 
machine speed, inverter ·frequency, and commanded power: The machine speed is provided by 
a digital sensor that uses a six-tooth pickup and is mounted within the ESU. 

The ESU design utilizes a'dual-pressure chamber concept wherein the flywheel cavity 
is maintained near 1-micron (at maximum speed) during operation while the r.emainder of 
the un.it is pressurized to 1 "to 2-torr. This pressure differential is provided by the 
molecular pump. When the unit is ·at rest, the internal pressure in both cavities 
equalizes at approximately 1-torr. 

The ESU has a self-contained lubrication and cooling system that includes a lube/ 
coo1ant pump. The cooling system interfaces with an external heat exchanger through 
ports contained in the ESU main housing. 

The ESU is mounted through four shock/vibration isolators. The isolators have two 
primary functions: (1) to isolate the unit from low frequency external disturbances 
that will be encountered when u~ed in ·a vehicular application, .and (2) to acoustically 
decouple the unit from suppottfng structure to which it may be mounted. The isolators 
have natural frequencies between 12 and 14 .Hz in the lateral mode. 
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Fig. 6. Flywheel ESI (Isometric View) 

FLYWHEEL ENERGY STORAGE UNIT 

A photograph of the hermetically sealed flywheel ESU assembly is shown in Fig. 7. 
The unit is 19.3 in. high and has a maximum diameter of 15.1 in. The upper cover/con­
tainment vessel is made of steel, and the main housing and lower cover/sump are made of 
aluminum. The three electrical power connectors are visible in the photograph, as well 
as the multi-pin connector that is used for instrumentation. 

The electrical input/output machine maximum power transfer is 45 k~ which is 
available at all operating speeds between 21,000 and 42,000 rpm. 

The total weight of the ESU is 79 lb. This weight corresponds to a total ESU 
specific energy of 3. 16 W-hr/lb and a specific power of 569 W/lb. The ESU specific 
energy exceeds the LLL/AiResearch program advanced state-of-the-art goal of 3.00 W-hr/lb. 
It is estimated that the unit will have a maximum quiescent loss 205 W. 

FLYWHEEL 
ENERGY 
STORAGE 
UNIT 

SALIENT FEATURES 

• HERMETICALLY SEALED 
• ELECTRICAL INPUT / OUTPUT 
• PEAK POWER TRANSFER - 45 KW 
• TOTAL WEIGHT - 79.04 LB 
• SPECIFIC ENERGY - 3.16 WHR / LB 
• SPECIFIC POWER - 569 W / LB r.:2_~ 
• MAX. QUIESCENT LOSSES (EST.) - 205 WATTS - -

Fig. 7. Advanced State-of-the-Art Flywheel ESU 
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FLYWHEEL ASSEMBLY 

A photograph of the ESU flywheel assembly is shown in Fig. 8. The six-bolt attach­
ment method, the hub geometry, and the nine individual composite rings are visible in the 
figure. The hub geometry is machined to approximate a constant stress configuration. 

The flywheel rotor attaches to the upper end of the main shaft assembly by means 
of six high-strength bolts. The four-spoked hub is machined from 7075-T7351 aluminum 
alloy plate. The flywheel rim is composed of nine concentric annular rings of circum­
ferentially wrapped composite material consisting of fiber and epoxy. 

The flywheel rotor weighs 14.5 lbs and stores 250 Whr of energy at a peripheral 
speed of 2500 fps . The flywheel rotor has an energy density of 17.25 Whr/lb, and a design 
cycle life of greater than 100,000 deep discharge cycles. 

FLYWHEEL 
ASSEMBLY 

SALIENT 
FEATURES 

Fig. 8. Flywheel Assembly 

-...,..-., 
........... ~ h 

FLYWHEEL CONSTRUCTION FEATURES 

• STORED ENERGY · 0 250 KWHR 

• TOTAL WEIGHT - 14.5 LB 

• ENERGY DENSITY · 17.25 WHR / LB 

• TIP SPEED • 2500 FPS 

• CYCLE LIFE · 100,000 (FULL CYCLES) 

The flywheel construction features are shown in Fig. 9. The assembly has an overall 
diameter of 13.70 in., and a hub diameter of 11.44 in., with a radius ratio of 0.835. The 
composite rim is made up of nine concentric rings with a total thickness of 1.13 in. and 
a width of 2.70 in. The innermost ring is made of S-2 glass/epoxy. The use of nine 
separate r ings reduces the bending stresses in the rings caused by flexing during rota­
tional speed changes and prevents ring delamination. 

The method of attaching the rim to the hub provides a positive load path under all 
operating conditions. Attaching the two components is accomplished by distorting the 
circular rim into a semi-rectangular shape and slipping it onto the hub. The rim is held 
upon the hub by the residual forces in the rim as it tries to become circular again. These 
residual forces are controlled by the relationship between the hub spokes outside diameter 
and the rim inside diameter. The hub OD is always greater than the rim ID. The wound 
concentric ring design utilizes the composite fibers in nearly uniaxal tension. 
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A continuous operating temperature limit of 175°F is established for the flywheel by 
the strength-temperature characteristic of the epoxy matrix material. 

In this design, the hub stores 20 percent of the energy, which is a relatively large 
percentage. The remaining 80 percent is stored in the composite rim. 

FLYWHEEL 
CONSTRUCTION 

RIM DESCRIPTION 

• TOTAL NUMBER OF RINGS · 9 

• RING MATERIAL 

• 1 S-2 GLASS/EPOXY 

• 2 THRU 4 KEVLAR 29/EPOXY 

• 5 THRU 9 KEVLAR 49/EPOXY 

OPERATING TEMPERATURE 
LIMIT 

• 175°F CONTINUOUS 

ENERGY CAPACITY 

• HUB · 0.05 KWHR 

• RIM · 0.20 KWHR 

Fig. 9. Flywheel Construction Features 

ESU ELECTRICAL MACHINE 

A photograph of the ESU electrical machine components (rotor and stator) is shown in 
Fig. 10. The machine is a 3-phase, 2-pole, induction device that is 4.80 in. long and 
4.51 in. in diameter . It has a maximum operational tip speed of 423 fps, a pea k efficiency 
of 93 percent, and a total weight of 19.84 lb. The machine is designed for continuous 
operation over a duty cycle based on the SAE J227 (A) schedule D driving cycle. It is 
optimized to operate between 21,000 and 42,000 rpm with corresponding line-to-neutral 
voltages varying between approximately 44 and 58 v. These voltage levels are compatible 
with a 180-vdc battery pack. 

SALIENT FEATURES 

• 3-PHASE. 2-POLE INDUCTION 

• ZI -CU FABRICATED ROTOR 

• M19 STEEL LAMINATIONS 

• TIP SPEED · 423 Ips 

• PEAK EFFICIENCY 93" 

• WEIGHT 
• ROTOR· 6.70 LB 
• STATOR · 13 14 LB 

• POWER RATING 
• CONTINUOUS 30 KW 
• PEAK · 45 KW 

Fi g. 10. Electrical Machine's Components and Features 
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MOLECULAR PUMP 

A photograph of the molecular pump components (rotor and stator) is shown in Fig. 11. 
The pump is used to provide a very high vacuum level in the flywheel cavity during ESU 
operation to minimize the aerodynamic losses. When the flywheel is at rest, the ESU 
internal ambient pressure is approximately 1-torr . As the flywheel speed is increased, 
the molecular pump begins to evacuate the flywheel cavity. At one-half flywheel speed 
the pressure ratio across the pump is approximately 20:1, which translates to a cavity 
pressure of 50-microns. A maximum pressure ratio of approximately 700:1 is reached at 
100 percent flywheel speed (42,000 rpm), which results in a cavity pressure of 1.4-
microns. 

The total weight of the molecular pump (rotor and stator) is 3.7 lb. 

MOLECUlAR 
PUMP 

SALIENT FEATURES 

ROTOR 

ESU SHAFT 

• ESU AMBIENJ PR ESS URE · 1 OOOp 

• STATO R/ ROTOR CLEARANCE • .012 INCHES 

• FLYWHEEL CAVITY PRESSURE 

• 42.000 RPM F/ W SPEED - 1AJ.l 
• 21 ,000 RPM F/ W SPEED · 50 /). 

• WEIGHT - 3 .69 LB . 

Fig. 11. Molecular Pump Components and Features 

LUBE/COOLANT PUMP 

A photograph of the unit's lube/coolant pump assembly is shown in Fig. 12. The pump 
assembly is mounted to the bulkhead, which also contains the lower bearing support. Thus, 
the pump can be installed and mechanically checked (gear alignment, backlash, etc.) prior 
to installation of the oil pump cover. The pump i s driven by a pinion gear that is 
machined directly on the end of the ESU main shaft. 

The gear ratio is 7 to 1, which provides a design speed range of 3000 to 6000 rpm 
for the pump. The pump is an unshrouded centrifugal type that provides a minimum flow of 
1 gpm at a speed of 3000 rpm. The pump operates with an inlet head of l-in. of oil. 
The lube/coolant fluid is a phosphate ester, tradenamed Fyrquel 150, that was selected 
because of its low vapor pressure, good lubricity, low viscosity, and chemical stability. 
The fluid operating temperature will be held between 1800 and 200°F. The maximum power 
consumption of the lube/coolant pump assembly is 35 watts. It weighs 1.40 lb. 
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LUBE/ 
COOLANT 
PUMP 

PUMP I 
,1 I''" 

• CENTRIFUGAL PUMP 

PUMP_.OlSCHARGE--

• LUBE / COOLANT FLUID - FYRQUEL 150 
• FI..UID TEMPERATURE (NOM,) • 200°F 
• DISCHARGE PRESSURE- 10 PSI 
• FLOW (MIN.)- 1.0 GPM 
• INLET HEAD - 1 IN . OF OIL 
• POWER CONSUMPTION - 35 WATTS 
• WEIGHT- 1.40 LB ~ 
• OPERATING SPEED - 3000 TO 6000 RPM · ·~ 

Fig. 12. Lubrication/Coolant Pump Assembly 

TESTING AND EVALUATION TASKS 

The total ESU test effort is divided into three main subdivisions: (1) performance 
tests, (2) proof of design, and (3) environmental (Fig. 13). The definition and purpose 
for each test task are discussed in the following paragraphs. 

The purpose of the performance tests is to determine the spin-down losses of the ESU. 
The procedure for determining the losses is a step-by-step series of tests to assess the 
loss contribution of each component. When the electrical input-output machine is in the 
standby mode, the remaining losses are defined as the spindown losses. These losses 
include flywheel windage, bearing friction, molecular vacuum pump, and the lubrication pump 
losses. These losses are primarily caused by viscous drag forces of the related gas or 
liquid in contact with the rotating surfaces. The drag forces are a function of the 
viscosity or the quantity of the fluid or gas molecules at the surface of the affected part. 
For this reason, the flywheel chamber will be maintained at a substantially reduced 
pressure, and the oil temperature will be regulated to obtain low drag torque. 

The proof-of-design tests are performed to demonstrate the general operational 
feasibility of the unit and to assess its basic characteristics (such as vacuum level, 
internal vibration, noise and heat generation, and input/output efficiency). This 
information also will serve as a norm for evaluation of changes in performance under 
externally imposed vibration and maneuvering loads, or elevated temperature. 

The environmental tests will provide information on the sensitivity of the ESU to 
various externally imposed conditions, including external vibration, maneuvering, and 
temperature. During all testing, the vacuum stability will be monitored and evaluated. 
The approach used during environmental testing will be to continue to increa~e the test 
conditions without destroying the unit or exceeding the maximum established values. 
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TESTING TASKS 

I 
TASK 1- PERFORMANCE TESTS 

I • SPIN DOWN LOSSES 

' TASK 2- PROOF OF DESIGN 

•INPUT/ OUTPUT EFFICIENCY 
• INTERNAL VIBRATION 
• INTERNAL NOISE 
• BEARING INTEGRITY 
• VACUUM PERFORMANCE 
• LUBE SYSTEM PERFORMANCE 
• THERMAL MAPPING 

\ 
TASK 3- ENVIRONMENTAL 

•VIBRATION SENSITIVITY 
• MANEUVER TOLERANCES 
•THERMAL UNITS 
•VACUUM STABILITY 

Fig. 13. Testing and Evaluation Tas ks 

PERFORMANCE TESTS LABORATORY SETUP 

A photograph of the laboratory setup for the ESU performance tests is shown in Fig. 14. 
The test specimen is shown mounted on the de motor drive test rig. The torque head is 
also visible. The test console is shown to t he left of the test unit . The performance 
tests are currently in process. 

Fig. 14. Laboratory Setup (Performance Tests) 
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. TESTING AND EVALUATION SUMMARY 

The development testing status, problems encountered, and planned corrective actions 
are discussed in the following paragraphs. 

TESTING STATUS 

The maximum lube/coolant pump power was determined to be 35 W. This is the first of 
the performance tests. 

The variable frequency, variable voltage electrical power drive is in place and 
operational. 

The electronic controller, which is used to automatically control the ESU, has been 
checked-out in the ~y~tPm. 

PROBLEMS ENCOUNTERED 

Several problems have been encountered during the five months of development testing 
that have been completed. The major effort has been expended trying to trim balance (at 
speed) the ESU rotating group. During the balancing process it was determined that the 
molecular pump was not performing to specification, i.e., the minimum flywheel cavity 
chamber pressure attained was 40-microns at 40,000 rpm. 

The successful balancing of the unit was nearly completed when the motor rotor failed 
during test. 

A failure investigation determined that 2 to 3 bars of the cast copper rotor had 
failed. due to casting porosity. The machine's rotor and ~tator shorted and were destroyed. 

CORRECTIVE ACTION 

The molecular pump stator geometry was changed from 4-lands and grooves to 3. This 
was done to reduce the leakage between grooves by increasing the land width. Proof of design 
tests will be performed on. the new stator to verify the design. 

Prior to motor failure, it was determined that the ESU had a moment unbalance. This 
type of unbalance is difficult to isolate with displacement probes only at the upper end 
of the rotating group. An additional probe will be attached at the lower end of the rotating 
group to aid in trim balancing during test. · 

A backup electrical machine rotor and stator were manufactured and are available. 
The rotor was fabricated, instead of cast, using extruded zirconium-copper material. This 
results in a higher strength rotor that is free of porosity. The rotor will be hot-spin 
tested in a pit to verify its mechanical integrity prior to being.assembled into the ESU. 
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PROJECT SUMMARY 

Project Title: "Flywheel-Engine Powerplant Research and Development Studies" 

Principal Investigators: Norman H. Beachley and Andrew A. Frank 

Organization: College of Engineering 
University of Wisconsin-Madison 
1513 University Avenue 
Madison, WI 53706 

Project Goals: The basic objective is to provide a design analysis of a flywheel­
engine power unit for a passenger automobile. The detailed tasks 
are (1) evaluate the potential of alternative powerplants for use 
with flywheel, (2) determine the lower level of friction that may 
be practically achieved in driveline components, (3) determine 
the most promising continuously variable transmission (CVT) con­
cept for a 2nd generation flywheel vehicle, (4) design safety 
features for the flywheel system, (5) prepare a preliminary 
layout drawing of the complete flywheel powerplant system suitable 
for installation in a production automobile chassis. 

Project Status: A preliminary study of alternative heat engine powerplants 
(Stirling, gas turbine, diesel piston, and gasoline piston engines) 
has been performed to determine their relative fuel mileage po­
tentials. Other practical aspects still need to be investigated, 
such as the effect on engine efficiency and life of an on-off 
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mode of operation. 

Three continuously-variable transmission concepts have been 
identified as having efficiency, size, and weight characteristics 
satisfactory for a second gen.eration experimental flywheel car. 
Preliminary design configurations have been developed based on 
these three principles, and design work is being continued with 
the goal of further simplification and reduction of friction 
losses. 

Basic packaging configurations have been determined that will 
permit the flywheel powerplant systems (for each of the three 
chosen CVT concepts) to fit in the engine compartment of a 
conventional front wheel _drive automobile: There is still much 
work to be done, however, on the details of mounting and inter­
connecting the various powerplant components. 

Considerable information on the friction characteristics of bearings 
and gears has been collected that will aid in system efficiency 
calculations, and also in the determination of what fuel economy 
improvements might be obtained by attention to and optimization of 
these components in the driveline. 
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Feb. 5, 1979-Dec. 31, 1979 
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COMPARISON OF ALTERNATIVE HEAT ENGINES 
FOR FLYWHEEL MECHANICAL TRANSMISSION AUTOMOBILES 

Andrew A. Frank and Norman H. Beachley 
University of Wisconsin-Madison 

ABSTRACT 

The feasibility of various heat engines to be used with a flywheel-transmission are 
investigated. Four possibilities are considered: (1) gas turbine; (2) Stirling engine; 
(3) gasoline piston engine; and (4} diesel piston engine. These four heat engines are 
studied to assess their fuel economy capability with one specific flywheel-transmission 
combination. Their rel~tive fuel economies are compared for engines unmodified from present 
design. 

Design changes possible with each engine are further explored. These changes would 
improve efficiency, save weight, simplify and reduce the cost of the engine. 

The preliminary simul.ations for the EPA-CVS Federal Urban -Driving Cycle (FUDC) with a 
3,000 lb. vehicle show the following mpg values (gasoline equivalent) based on engine maps 
available in the literature: 1) Turbine- 4l.9 mpg; 2) Stirling- 51.3 mpg; 3) Gasoline-
41.2 mps; and 4) Diesel - 41.2 m~. Project improvements are discussed. _____.. . 

INTRODUCTION 

The objective of this effort is to investigate via simulation(!) how the flywheel­
transmission system can be adapted to existing and future prime movers and to explore prime 
mover modification to take full advantage of the flywheel transmission concept. The study 
takes into account a flywheel transmission vehicle with parameters assumed to be (1) vehicle 
weight 3000 lbs., (2) flywheel size from .3 to .5 hp hrs., (3) flywheel transmission 
requiring 8640 hp-sec to drive the EPA FUDc(2J. This amount of energy implies an average 
continually variable transmission efficiency of 77% over the FUDC, and (4) an engine assumed 
to operate at its best efficiency while producing 60 hp. Thus some prime movers will have a 
maximum hp of as·much as 170 hp while other prime movers will have a maximum hp of 60 hp. 
The maximum hp available from a prime mover is dependent upon where the best efficiency 
occurs with respect to maximum power. 

The implication of these assumptions are that there will be four charges for the EPA­
FUDC when using the University of Wisconsin "on-off" principle. The prime mover will be "on" 
30-60 sec depending upon its characteristics. With "on-off" operation there are various 
simplifications to the prime mover that can be made. Each prime mover type has its own 
characteristic which can be taken advantage of due to this narrow operating range requirement. 
Figure 1 illustrates the engine operation characteristics for a "high performance" standard 
transmission conventional gasoline vehicle over the EPA-FUDC. Figure 2 shows the influence 
of lower performance. It should be noted that the lower performance vehicle has more of the 
efficient islands of the prime mover covered by the driving cycle. Thus the lower the per­
formance the better the fuel economy in a standard transmission vehicle. The flywheel 
transmission on the other hand allows the engine to operate at its best efficiency or not at 
all and over a narrow speed range. This is shown in Fig. 3. Since the flywheel supplies the 
power for high acceleration the vehicle performance is less sensitive to engine size. Thus a 
flywheel transmission vehicle with either a 30 hp or 60 hp engine will have _identical 0 to 
60 MPH acceleration times. The difference of course is how long it takes to charge the fly­
wheel when it runs down and how fast the vehicle can climb a given constant grade lasting more 
than a mile or so. Further, the power-available from a flywheel transmission is restricted 
only by the size of the transmission components, thus a 30 hp prime mover can have the per­
formance of 250 or more hp due to the flywheel. 
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Various prime mover types are examined, they are the Brayton cycle or "gas turbine", 
the Stirling engine, the gasoline piston engine and the diesel engine. Comparing their 
relative efficiencies at part load, we find that the turbine is poor, the Stirling is better 
but still not too 9ood (there are improvements in Stirlings which are projected to give 
better, values [3]), the gasoline engine is better, and finally the diesel engine is best, 
i.e., has the broadest efficient operating characteristics (See Fig. 4). The flywheel 
transmission system, however, does not require the prime mover to have good efficiency 
except at maximum torque and over a 2 to 1 speed range. Normal speed range for a prime 
mover in a standard transmission vehicle is at least 5 to 1, while the torque must be modu­
lated from maximum through 0. Therefore in a flywheel transmission vehicle a prime mover can 
be greatly simplified. 

SOME IMPLICATIONS OF· FLYWHEEL DRIVE TRANSMISSION SYSTEMS 

"On-off" engine operation implies that special care must be taken in engine design. 
Heat control is necessary since if during the few minutes of "off" it is allowed to cool, 
energy is lost and therefore must be resupplied to the system by fuel in order to bring 
the engine back up to proper operating temperature. Start-stop bearing wear is another 
potential problem with on-off operation which must be taken into account. Loss of the fluid 
film in hydrodynamic bearings might result in high wear in on-off operation. The cooling 
system should be redesigned for the narrow_ operating range, etc. 

Since the engine operates only at maximum torque, one of the advantages of the "on­
off" system is that it does not require an operating control system. Most standard prime 
movers require a great amount of design effort in making the engine controllable at part 
load. Since there is no part load requirement, a turbine can operate only at the maximum 
torque condition; a Stirling can operate with fixed geometry and fixed gas pressure; the 
gasoline engine can have a fuel carburetion or injection system which does not have to be 
modulated for power (because this partic~lar engine does not have to idle, and because 
items such as valve train design, cylinder head shape, etc., can be designed for optimum 
conditions). Diesel engine controls can be greatly simplified since the fuel injection 
system no longer has to have a variable stroke. The engine can be tuned for optimum fuel 
efficiency and wi 11 not have to be adjusted for varying 1 oads si nee the 1 oad is fixed. 

Idle fuel flow rates in present prime movers relative to each other form the fol­
lowing order: the turbine is the highest, the Stirling next, the gasoline engine next 
with the best or lowest being the diesel engine. However, the turbine and Stirline engines 
have the most to gain from flywheel transmissions without idle requirements because these 
engines have high fuel consumptions in idle. With all accessories driven off the flywheel, 
engine idle has no useful purpose. Note also that accessories are being driven with the best 
fuel efficiency that can be produced by the particular engine. 

ENGINE DESIGN OBJECTIVES 

In line with the above discussion the engine for a flywheel transmission system should 
be designed with the following factors in mind: (1) ·minimum flexibility and only maximum 
torque operation, (2) minimized internal friction at w1de open throttle only, (3) minimized 
heat 1 oss during the "off" condition, ( 4) optimized induction system, ( 5) optimized com­
bustion, (6) exhaust system tuned for fixed conditions, (7) optimum exhaust gas recircu­
lation for emission controls (if required) set for this single operating condition. 

It should be pointed out that best efficiency for an engine occurs somewhere between 
1/4 to full power. Where the best efficiency for a particular prime mover occurs is dependent 
upon many factors. In a gas turbine, for example, best efficiency may occur at maximum power. 
On the other hand for a gasoline piston engine best efficiency normally occurs somewhere 
between 1/4 and 1/3 of maximum power. For example a conventionally rated gasoline piston 
engine of 87 hp has its best efficiency of approximately .455 lbs. of gasoline per hp-hr 
at approximately 28 to 30 hp. Therefore if a flywheel drive system requires a 30 hp 
gasoline engine, it must be obtained from an engine with the displacement equivalent to a 
conventional engine currently producing 87 hp. 
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SPECIFIC ENGINE STUDIES 

TURBINE 

A gas turbine-flywheel transmission system was studied using a standard two shaft 
turbine by General Motors, model GT-404-3. This turbine was scaled and compared with a 
Volkswagen diesel and a Honda CVCC gasoline engine. All engines were scaled for maximum 
efficiency at 60 hp. Note, because of the characteristics of these individual engines, the 
peak hp in the piston engines are much higher than the turbine. Thus the scaled Honda CVCC 
has a peak hp of 178 hp, the Volkswagen diesel a peak of 97 hp while the turbine has a peak 
of 60 hp. It is assumed that these engines can be scaled without affecting brake specific 
fuel consumption. This may not be accurate for a turbine since it is size sensitive. 
Further, the numbers that we are using are for an advanced turbine, that is, a paper turbine 
(not currently existing). On the other hand since this particular turbine with the flywheel 
must operate over an extremely narrow range and does not have to be designed for flexibility; 
it may be possible to ·design it in such a way that the peak efficiency is easily obtained. 
Using the turbine characteristics published in (4) the turbine operates between 54 and 60 
hp. This range compares with the piston engine characteristic which allow operation between 
30 and 60 hp. The piston engine characteristics are from (5,6). 

Comparing the turbine average brake specific fuel consumption we find that the turbine 
on the average is creating energy at .411 lbs. of fuel per hp/hr vs .. 463 for a gasoline 
piston and .425 for a diesel. The simulated EPA-FUDC fuel economy during city driving in 
a turbine flywheel vehicle is 46.5 MPG on JP4 or 47.9 MPG on "gasoline equivalent", for the 
diesel it is 45.25 for ~o. 2 diesel or 41.1 MPG on gasoline equivalent, and for the gasoline 
vehicle it is 41.1 MPG. The "gasoline equivalent" for the turbine and deisel were made based 
upon the heating values of the different fuels. 

Design considerations for a turbine to be coupled with a flywheel transmission imply a 
number of factors. One of the first factors to be considered is whether or not a multishaft 
turbine is required. Since the flywheel is a high speed rotating device it is possible 
to have a single shaft high temperature turbine with a maximum power around 75 to 80 hp. In 
order to maintain high efficiency for this low power rating tight aerodynamic tolerances must 
be maintained and a trade off between air bearings or ball bearings for tolerance maintenance 
needs to be considered. Air bearings may be used for a high speed turbine-flywheel system, 
while ball bearings could be used if the turbine-flywheel system operated at a lower speed. 
Higher speed turbines may operate at speeds around 80,000 RPM while the low speed turbine may 
operate at speeds around 30,000 RPM. Because of the small size of these turbines, ceramic 
materials could be used to accommodate much higher operating temperatures. 

According to Fig. 5 it may be advantageous to use a multistage power turbine because of 
the constant load operation, thereby maximizing the kinetic energy extraction for the best 
possible efficiency. Notice in this figure that a series of system cut-off valves~is shown 
to create a partial vacuum to minimize spin losses when the engine is "off". Further this 
partial vacuum would help retain the heat within the operating parts of the system. Insulation 
is still necessary on the outside portions of the turbine in such places as the combustors, etc. 
Insulated or heat dissipating mechanisms on the main shaft would allow the use of low tempera­
ture bearings and lubrication. An optimized design should produce a minimum brake specific 
fuel consumption around .38 for a mileage of approximately 51.8 MPG gasoline equivalent. 

STIRLING 

A Ford/Phillips 95 hp and a United Stirling A,B 170 hp engine were studied (5,7). The 
Ford/Phillips engine was studied in a standard 4-speed manual transmission vehicle with 3,000 
lb. inertia weight. This achieved a fuel economy of 29.99 with an average efficiency of 
19.68% over the EPA-FUDC city cycle. A United Stirling engine installed in the same vehicle . 
would achieve 31.9. These figures compare with a production of 90 hp vehicle mileage of 24. 
A flywheel Stirling system would have an engine operating range dependent upon the particular 
engine characteristics. For example the Ford/Stirling engine would operate between 1350 and 

504 



2700 ana between 20 and 60 hp, whereas a United Stirling engine would operate between 570 
and 1140 and between 31 and 60 hp. The average brake specific fuel consumption for the Ford 
engine would be .396 and the United Stirling engine .372. The associated Flywheel-Stirling 
city fuel economy would be 48.1 MPG for the Ford and 51.3 with the United Stirling. The 
United Stirling highway mileage at a constant 60 would be approximately 42.8. It should be 
noted that the United Stirling engine obtains beHer fuel economy in the city than in the 
highway. It has been claimed by United Stirling that a variable stroke version of their 
engine can. obtain 42 on a combined cycle at a 3500 lb. inertia weight (3). This would trans­
late to an even higher city mileage at 3000 lb. inertia weight. This variable stroke mechanism 
provides characteristics similar to a continuously variable transmission (CVT) except that 
it is incorporated within the engine itself. 

The advantages of a flywheel drive Stirling system over the variable stroke Stirling 
are (1) higher mileage is possible in the city due to generative braking; (2) the Stirling 
engine internal design is simplified by the requirement of a constant load, no idle, and a 
limited speed operating range; (3) the flywheel-transmission replaces the torque converter 
transmission which is .still required with a variable stroke Stirling; and (4) there is a 
control system simplification due to a torque controlled continuously variable transmission 
rather than a controlled engine stroke. This controlled engine stroke requires hydraulic 
energy and is a rather sensitive mechanism. 

Due to the limited range of operation of the Stirling-flywheel system optimum burners, 
heat exchangers, regenera~ors, etc. can be choosen. Finally, it is · fe 1 t that 1 ower brake 
specific fuel consumption can be obtained because of the possibility of optimum sizing of all 
components, fewer engine peripheral equipment controls, and the possibility of lowering 
internal engine friction because of the simpler mechanism and geometry. A Stirling engine 
designed specifically for use with a flywheel should produce a minimum brake specific fuel 
consumption of around .35, giving a fuel economy of·around 54.5 for the FUDC. 

GASOLINE PISTON ENGINE 

A gasoline piston engine in a 3,000 lb. present day vehicle apparently can obtain a 
city fuel economy of about 24 and about 35 at a constant highway cruise speed of 60. If the 
engine is unmodified and installed into a flywheel vehicle, the expected city fuel economy 
is between 41 and 48 depending upon the particular transmission used. We will now examine 
the potential of a flywheel-transmission vehicle with the piston engine designed from the 
ground up. First the requirement for the engine speed range is approximately 2 to 1. It 
could be between 1000 and 2000 RPM. The torque range would only be the maximum torque, the 
operating time would be from 30 seconds "on" and 2 minutes to 5 minutes "off" to continuous 
operation. Conservation of heat in the "off" condition is an important feature. 

With these requirements, designs for a piston gasoline engine should concentrate on 
reducing parasitic or internal friction losses. This could be accomplished by reducing 
the size of the water cooling system, minimizing camshaft friction by using either pressure 
operated poppets or a resonant valve system, optimum bearings, minimized piston scrubbing, 
lower oil churning, etc. 

The fuel and combustion systems can also be greatly simplified since only maximum fuel 
delivery is required; therefore, no manifold vacuum need contend with such problems as mani­
fold wetting, etc. For example, it may be possible to use a constant flow fuel injection 
system at the intake ports. Better combustion characteristics due to factors such as high 
swirl at fixed load, higher compression for a given octane number, etc. could also be 
achieved. 

A change from a four cycle system to a two cycle could further reduce the effect of 
engine friction by a large factor. Current two cycle engines were designed for power density 
and not efficiency. With a flywheel transmission system it is possible to design a two cycle 
engine for efficiency rather than power density and achieve BSFC values better than a four 
cycle engine. 
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It is estimated that a two stroke brake specific fuel consumption around .35 lbs. per 
hp-hr on gasoline is feasible, producing a mileage of about 54.3 MPG in the city and about 
45.5 MPG in highway cruise at 60 MPH. 

DIESEL ENGINE 

The "ground up" design of a diesel flywheel system would require the same features as 
the gasoline engine discussed above. A simplified injector system could be used since only 
maximum delivery is required. Better combustion characteristics could occur since the 
injector angle, prechamber design, etc. could be optimized. Better combustion could also 
be achieved by using an optimum compression ratio on the diesel, because starting and low 
power "knock" would no longer be a problem. The flywheel could provide the starting power 
required to turn the engine over. It is further possible to use a two cycle instead of a 
four cycle diesei because a two cycle diesel has less effective internal friction. 

The optimized design could provide a brake specific fuel consumption on the order of 
0.32 lbs. per hp-hr of diesel fuel providing a city mileage of 59.6 MPG for this 3,000 lb. 
vehicle and a highway mileage of 49.8 MPG at a constant 60 MPH. 

CONCLUSIONS 

For the first time since the flywheel energy storage program has started, we have 
looked in some detail at the prime mover design. What we have·concluded is that the prime 
mover can be improved in efficiency considerably over designs· currently being proposed for 
conventional transmission vehicles. The resulting projected improvement in fuel efficiency 
can provide city gas mileages up to 60 MPG with highway mileages close to 50 MPG with the 
flywheel-transmission concept. Of course all of these mileage projections are based upon 
the 3,000 lb. vehicle with the road load obtained from the standard vehicle of today. With 
aerodynamic improvements the highway mileage can be increased substantially. Further, with 
lower rolling resistance tires and attention to bearing friction within the drive line from 
the transmission onwards it is possible to increase the city gas mileage somewhat. The 
existing vehicle on which all these simulations were based requires 23 hp at 60 MPH. It is 
clear that ~any researchers have achieved rolling resistances much less than the 23 hp at 
60 MPH. However, this standard was used so that a valid comparison can be made. Even with 
this relatively poor road load characteristic it has been demonstrated that it is possible to 
achieve a very high fuel efficiency. 

While the suggestions ·are easy to make on paper, each one made above would require a 
great deal of research. The possible gain from this research is the capability of improving· 
the fuel efficiency from approximately 42 MPG in the city to about 60 MPG in the city for a 
3,000 lb. flywheel transmission vehicle. This is approximately a 30% improvement due to \ 
redesign of the prime mover itself. Thus a combined cycle 50 MPG vehicle is possible. The 
long range potential fuel efficiency is great enough to warrant the investment in such an 
extensive program. This improvement when compared with conventional vehicles of this weight 
class is better than 100%. 
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