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· ,, ABSTRACT 

The Oak Ridge Flywheel Evaluation Laboratory (ORFEL) was assembled, and the initial 
stages of proof testing were completed in FY 1979. The significant accomplishments for the 
past year included the establishment of adequate full-time personnel; facility modification 
to reflect the emphasis on flywheel evaluation over simple testing; and the facility proof 
tests involving two aluminum disk flywheels and one composite flywheel. 

This report contains details of the FY 1979 program plans for ORFEL, personal profiles of 
the dedicated manpower, and details of the tests performed. 
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SUMMARY 

The directi.on of the Oak Ridge Y-12 Plant's Composite Flywheel Development Program was 
changed from flywheel development to flywheel evaluation. A full-time project manager, a 
full-time engineer's aide, anp a half-time engineer were identified. Program direction and 
scheduling for FY 1979 were established, and operating funds were released by Lawrence 
Livermore Laboratory in Apri I 1979. 

The Oak Ridge Flywheel Eval.uation Laboratory (ORFEL) was assembled using the same 
basic configuration begun in FY 1978. Significant modifications were made to reflect the 
new e~phasis being plac.ed upon evaluation. Proof of ultimate speed-testing. capability was 
demonstrated by, first, failing two aluminum disk flywheels and, later, failing a ~omposite 
design. Proof of f\lOmentum-transfer-testing capability is scheduled for the first quarter of 
FY 1980. 

The first aluminum disk failed at 655 Hz, while storing 14 What a specific energy density of 
17.7 Wh/kg. A ~tate of impending failure was recognized in the second disk prior to 
catast.rophic failure. The test was terminated at a speed. of 400 Hz. 

The .composite flywheel was built by Union Carbide Corporation-Nuclear Division under the 
FY 1977 flywheel program .. The flywheel failed catastrophically at a speed of 450 Hz while 
storing 0.55 kWh at a specific energy density of 48.3 Wh/kg. Failure was attributed to 
overstress in the band.s connecting the rim and the hub. 
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INTRODUCTION 

The purpose of this report is to summarize the Oak Ridge Flywheel Evaluation Laboratory 
(ORFEL) program objectives and plans for the FY 1979 budgetary period and to report 
accomplishments of the Union Carbide Corporation-Nuclear Diyision's Oak Ridge Y-12 
Plant(a) dudrig FY 1979 (October 1, 1978 through September 30, 1979). This work was 
conducted for and funded by the Department of Energy Mechanical Energy Storage 
Technology Development for Electric and Hybrid Vehicle Applications Project at Lawrence 
Livermore Laboratory. · · 

(a) Operated by the Union Carbide Corporation's Nuclear Division for the Department of 
Energ"y. 
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LABORATORY INITIATION AND DEVELOPMENT . 

PRIOR WORK 

. . . 
The Oak Ridge Flywheel Evaluation Laboratory (ORFEL) program is an extension of the 
Union Carbide Corporati.on-Nuclear Division's Composite Flywheel Development program, 
initiated at the Oak Ridge Y-12 Plant on May 1, 1976, and completed on September 30, 
1977. Achievements of that program included the successful design, fabrication, and testing 
of the UCC-ND bandwrap flywheel design. The demonstrated energy-density performance 
was 22.25 Wh/kg (10.1 Wh/lb).1 The design was further advanced with the analysis and 
fabrication of a bandwrap flywheel of similar dimensions having a prestressed rim and a 
catenary profile.2 Testing this prototype was delayed until this current fiscal year (1979). 

The FY 1978 flywheel program at Y-12 was concerned with the fabrication of a spin test 
facility capable of testing composite flywheels with energy levels of up to 2 kWh. The work 
was not completed in FY 1978, but carried over into FY 1979, and is discussed in this 
report. 

PROGRAM OBJECTIVE AND FUNDING, FY 1979 

The objective of the UCC-ND Flywheel Evaluation program for FY 1979 was to bring the 
test facility begun in FY 1978 to the state-of-readiness required to determine the ultimate 
speed and momentum transferred at failure for user-supplied flywheels. This is part of our 
overall objective of providing the Department of Energy (DOE) with the ability to 
comprehensively evaluate high-performance composite flywheel designs. The FY 1979 
funds of $175,000 were withheld until a clear set of program objectives was developed 
locally and accepted by Lawrence Livermore Laboratory ( LLL). The FY 1979 funding 
began on Apri I 1 • 1979. 

PROGRAM PLAN AND SCHEDULE 

The program plan designed to achieve the stated goals for FY 1979 is presented in Figure 1 .. 

This plan was followed as closely as possible. The various tasks in the plan are individual 
topics contained in this completion report. 

The program goal to perform both an ultimate speed test and a momentum transfer test was 
not consistent with a logical test sequence nor practical from a fabrication viewpoint. The 
momentum transfer tests were postponed until early FY 1980. 

MANPOWER PROFILES 

A significant component of the FY 1979 UCC-ND program has been the assjgnrnent of 
full-time personnel to flywheel evaluation. The program is now under the full-time.direction 
of Dr. R. S. Steele. Dr. Steele earned BS, MS, and PhD degrees in the field of Engineering 
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1. Facility Assembly 

I I 
a. Spin Pit & Instrumentation 

Test Date-

b. Calibration with Dummy I 3 
Test Dates -- 2 2 3 Ultimate Speed Series I 

c. 
Test Dates -- 2 22 

d. Momentum Transfer Series I I 
Report Date -- 0 

e. Data Presentation I 

2. Program Planning I ' 
3. Planned Quality I 5> 

Figure 1. PROGRAM PLAN FOR FISCAL YEAR 1979. 

Science and Mechanics from North Carolina State University. For six years he was employed 
there as a research associate responsible for the measurement of highly transient strain wave 
pulses. He has been doing similar work at UCC-ND for the past five years. Many of his 
UCC-ND investigations involved subjects rotating at high speed. 

Mr. B. J. Sutton is a senior engineering aide assigned full time to the flywheel program. Mr. 
Sutton has, in his 24 years with UCC-ND, acquired a broad background of experience in 
mechanical devices, mechanical testing, and mechanical measurements. His most recent 
experience has been associated with the operation of a spin test facility very similar to the 
one now assembled at the Y-12 Plant. His unique combination of skills make him a highly 
valued member of the flywheel evaluation group. 

Mr. J. M. Casstevens is assigned to the flywheel group on a half-time basis. Mr. Casstevens 
earned BS and MS degrees from the University of Texas in Mechanical Engineering. His 
thesis for the MS degree concerned brush wear during energy removal from flywheel 
energy-storage devices. Since joining UCC-ND, he has been with a metrology group 
investigating extremely high-precision machining techniques. 

F ACI LITY STATUS 

The ORFEL has been located within an existing building at the Y-12 Plant. Figure 2 is the 
current floor plan. 

The initial assembly stage of OR FEL has been completed, and a series of tests, designed to 
calibrnte the facility and demonstrate its capability, is beir1y performed . 
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The spin pit, spin tank, and test operational 

procedures have passed all UCC-ND safety 

and readiness reviews. The facility is now 

certified to spin composite flywheels to a 

rotational kinetic-energy level of 2 kWh. 

The spin pit and tank are seen in 

Figure 3. The control console 1s 

pictured in Figure 4. 

Facility procedures and checklists have been 

written and used for the ultimate speed test. 

A procedure requirement is that a test plan 

be written prior to any test. This test plan, 

written as a cooperative effort between the 

test engineer and the flywheel designer, will 

contain the following major items: 

Y-79.a56 

Control 

~ 

~vfo"===. F="'=====~ 
Figure 2. FLYWHEEL EVALUATION LABORATORY 
FLOOR PLAN . 

189726 
Figure 3. SPIN TANK AND CRASH RINGS. 
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189727 
Figure 4. CONTROL CONSOLE AND DATA ACQUISITION EQUIPMENT. 

1. Pretest inspection requirements 

2. Balance criteria and method 

3, Instrument requirements - sensor location 

4. Real-time data requirements 

5. Analysis and presentation tormat ot results 

6. Disposal of parts 
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DUMMY FLYWHEEL DESIGN 

Several aluminum (Al) flywheels, 
Figure 5, were built for use in 
proof testing the facility. These 
dummy flywheels were designed 
to crack circumferentially at their 
thickness transition point when 
spin frequency is between 25,000 
and 27,000 rpm . This failure pre
diction is based on the stress 
analysis presented in the following 
paragraphs. 

Design Considerations and 
Development 

There were several constraints 
upon the design of the dummy 
flywheel. Inexpensive yet easy-to-
machine material was desirable. 

FLYWHEEL TESTING 

189883 
Figure 5. DUMMY FLYWHEEL DESIGN. 

Aluminum 6061 -TO was selected for its availability, fairly high strength-to-density ratios, 
and machinability. In order to mount the disk on an existing arbor, the central hole required 
a 1.250-inch diameter and the disk thickness requirement at that point was 1.250 inches. 
The dummy-flywheel design was such that it would burst above 25,000 rpm and not exceed 
the operational limits of the test stand. 

The solution for the stress distribution in a spinning disk with a central hole is a classic 
strength-of-materials problem. A solution and excellent discussion are presented by 
S. Timoshenko .3 This solution predicts that the hole in a disk of uniform thickness will 
eventually grow with speed and will defeat any interference fit it had with the arbor. An 
unacceptable mass eccentricity will begin to develop above this speed. 

This radial growth is minimized in the uniform stress profile for an isotopic flywheel which 
has a thick hub and tapers to zero thickness at a large radius. However, this design does not 
meet the simple machining criteria. An intermediate choice is a disk with a hub that is 
thicker than the remaining portions of the disk . 

The stress distribution in such a disk was determined by using a model of two concentric 
disks (one thicker than the other) spinning together at the same angular velocity . Stress and 
strain distributions in each were determined by using the solution of Timoshenko for a 
rotating disk with a superimposed pressure at the interface. The pressure required was 
determined through a boundary condition of equal radial displacements at this interface. 
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The stress distribution shown in Figure 6 resulted by adjusting the various parameters 
in this model using a trend analysis technique until the optimum design dimensions were 
found. 
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This analysis predicts failure at about 
400 Hz, based upon a failure strength of 
16,000 psi. This is an elastic analysis and 
makes no attempt to include any contribu
tion of plastic deformation. 

The aluminum disks were fabricnted accord
ing to the sketch shown in Figure 7 . The 
final flywheel mass was 828.7 g (1.825 lb) 
and had a polar moment-of-inertia of 
0.00024 m-N-s2 (0.042 in-lb-s2). 
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Figure 7. ALUMINUM DISK DRAWING. !Dimensions 
± 0.010 inches unless stated otherwise; material, aluminum 
6061-TO) 
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Aluminum Flywheel Testing 

The purpose of spinning these aluminum flywheels was to check out the facility-not to 
evaluate the flywheel . The primary result in testing the first flywheel, serial number 
Dummy-1, was the product ion of a l ist of facil ity mod if ications. The list included such 
items as better vacuum gaging, a change in the vacuum valving sequence, recalibration of 
some of the proximity probes, and improved techniques for handling and cleaning test units. 
After the modifications were made, a second test was performed involving an identical 
flywheel, serial number Dummy-2. Balance weights were not required for either flywheel. 

The flywheels and their steel arbor were assembled with a 0 .076-mm (0 .003-in) interference 
fit on the 28.58-mm (1.125-in) diameter. The stress analysis had indicated that an 
interference fit would be maintained until just over 400 Hz. 

The flywheel and arbor were installed in the spin tank and instrumented as shown in Figure 
8. An identical setup was used for Dummy-2. 

189882 
Figure 8. DUMMY-1 AND SENSORS INSTALLED IN TEST TANK. 

Figure 9 presents the reduced form of the run data from Dummy-1. The "waterfall" chart 
(on the right) identifies the frequency components of the runout signal at various run 
speeds. The major frequency spike below 400 Hz run speed was the runout signal itself. The 
magnitude of this spike represents a runout of about 0.025 mm (0.001 in). 
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At 400 Hz, the flywheel experienced severe dynamic instability. This is identified in the 
waterfall plot as a 40-Hz vibration. The decision was made to drive through the instability 
and attempt a catastrophic failure. The attempt was successful at 655 Hz. The instability 
was intermittent but never really disappeared. The waterfall plot indicates that 
approximately the same instability frequency was maintained. 

The runout plot (left on Figure 9) shows the runout signal at failure in the time domain. 
Each minor cycle represents one revolution of the part . Failure was very rapid, requiring less 
than one revolution. Parts retrieved from the wreckage are shown in Figure 10. 

•=---== •I 

189944 
Figure 10. DUMMY-1 AFTER FAILURE. 
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The test of Dummy-2 was terminated at 460 Hz when it became obvious that the bore hole 
was larger than the shaft . This was demonstrated most clearly in the polar plot shown in 
Figure 11 . A polar plot of runout charts the movement (with increasing spin frequency) of 
the geometric center of a surface relative to the mass center of the system. The plot in 
Figure 11 shows that the geometric centers of the arbor and the disk remained stationary 
relative to each other until just above 400 Hz. At higher speeds, the arbor translated in one 
direction and the flywheel translated in the opposite one. This, of course, is required if the 
mass center of the system remains on the spin axis. The indication is that, above 400 Hz, the 
bore developed a clearance with the arbor; and the arbor rests on only one point of the bore 
hole. Therefore, as the bore hole diameter increases, a larger eccentricity is created which 
results in the greater runout . 

The posttest examinations of Dummy-1 and Dummy-2 revealed that the bore hole 
diameters had residual increases of 1.27 mm (0.050 in) and 0.64 mm (0 .025 in) 
respectively. 
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Conclusions 

Testing Dummy-1 and Dummy-2 demonstrated the readiness of the facility to proceed with 
the spin testing of higher energy composite flywheels . Dummy-1 demonstrated an energy 
storage level of 14 Wh and an energy density of 17.66 Wh/kg at a failure speed of 655 Hz. 
However, stable operation is limited to below 400 Hz because of unacceptable bore growth 
and plastic deformation . 

FLYWHEEL TESTING SERIAL NUMBER UCC-ND-2 

The planned development of the ORFEL includes a series of tests resulting in the failure of 
composite flywheels . This series will be used to acquire experience as well as to demonstrate 
capability. The following sections will describe the first test in this series including a 
description of the flywheel, preparation for the test, description of the test run itself, a 
failure analysis, miscellaneous observations, and the conclusion of this particular test. 

Flywheel Description 

Flywheel UCC-ND-2 was designed and fabricated by the Oak Ridge Y-12 Plant's 
Development Division under funding from the Advanced Physical Methods Branch, Division 
of Energy Storage Systems, Office of Conservation, Department of Energy, Washington, DC. 
A detailed description of the program results appears in the 1977 complP.tion report.2 The 
flywheel, shown in Figure 12, is of bandwrap design with both rim and spokes fabricated 
from a Kevlar 49 and epoxy composite. The hub was aluminum 6061-T6. The rim was 
prestressed for residual radial compression to postpone radial delamination . The outer 
surfaces were diamond machined to a catenary profile so the bands would not pull from the 
outside surface under high radial G-loads. Total wheel weight was 11 .12 kg (24.5 lb). Polar 
moment-of-inertia was 0.272 m-N-s2 (4.425 in-lb-s2) . 

Pretest Preparation 

Flywheel UCC-ND-2 was balanced by using a low-speed dynamic balancer. A total of 
17.95 g of adhesive-backed aluminum tape was placed at a radius of 190 mm (7.5 in) in two 
axial locations to remove 0.034 mm (0.001 in) of mass eccentricity and 0 .172 g-m2 of 
couple unbalance in the 23-2030 plane as indicated on the arbor shaft . 

The dimensional inspection ind icated that the rim plane and the hub axis were 
nonperpendicular by 0.162 mm (0.006 in) at 254 mm (10 in) in the 12-1920 plane. The 
close proximity of the two planes identified misalignment as the major contributor to the 
couple-unbalance condition. Radiography of the rim revealed no internal flaws. 

The flywheel was assembled with a steel arbor shaft and attached to the spin tank turbine. 
The instrumentation sensors were arranged as indicated in Figures 13 and 14. 
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Figure 12. FLYWHEEL SERIAL ~UMBER UCC-ND-2. 
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A, B - Electronic Proximity Probes 

C, D - Electro-Optical Proxim ity Probes 

T - Pyrometer 

Figure 13. UCC-ND FISCAL YEAR 1979 TEST STAND SENSOR LOCATIONS. 
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190625 
Figure 14. UCC-ND-2WITH INSTRUMENTATION . 

Data available from these sensors are also listed. During the actual test run, the temperature 
indicator was not operating; thus, temperature data could not be recorded. All other sensors 
and indicators operated properly. Two check runs were made to 333 Hz for functional 
checks of balance and instrumentation. Tank pressure was less than 5 millitorr for all runs. 

Test Run 

A polar plot, containing magnitude and phase angle coordinates locating the centroid of 
surfaces seen by the four sensors, is presented in Figure 15. The center of the plot is the spin 
axis and center of mass for the entire spinning system. Data are plotted at 20 Hz increments 
in speed, beginning at 100 Hz. These data show that the top and bottom of the arbor, 
Probes 1 and 2, remained within 0.076 mm (0 .003 in) of their starting position, indicating 
the flywheel remained well balanced throughout the run. Since Probes 1 and 2 have no 
corresponding motion, the excursion observed in Probe 4 must be the result of changes in 
surface reflectance or perhaps surface motion of a low-mass component such as a band. 
Further experience is required for a more definitive analysis of the Probe 4 signal. 

Probe 4 to the rim indicates increasing radius of the rim. Rim radial growth data with speed 

are shown as circles in Figure 16. A least-squares fit to these data and predicted radial 
growth of a rim without bands are included for comparison. 
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Frequency distribution waterfall plots such as those in Figure 17 are useful in identifying 
resonant frequencies as they are excited with increasing speed. The dominant frequency 
seen in these charts is, of course, at the run frequency. That spike represents the frequency 
and magnitude of the runout signal resulting from mass and couple unbalance. There is a 
precessional frequency at about 30 Hz which appears in Probes 1 and 2 at run speeds below 
400 Hz. All other frequency spikes are multiples .of either the run speed or 60 Hz line noise. 
These charts reveal no indications of resonant vibrations in the flywheel that have sufficient 
amplitude to be observed in the runout signal. 

The highest speed recorded for UCC-ND-2 was 450 Hz reached after approximately 
1.7 hours into the test. A loud report was heard followed by a sound, not unlike a hubcap 
coming to rest on its rim, which lasted approximately 5 or 10 seconds . The following day, 
the lid was raised and the debris was found as shown in Figures 18 and 19. The runout 
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Figure 16. RIM RADIAL GROWTH WITH SPEED, UCC-ND-2, RUN 3. 

signals in the t ime domain from t - 14 ms tot+ 4 ms, where t is the time of failure, are 
presented in Figure 20. 

Failure Analysis 

An analysis of the time relationship between traces in Fiqure 20 and the postfailure debris 
indicates that the failure initiated in a bottom band near the hub. The hub was immediately 
pulled to the opposite side by the remaining bands held by the heavier rim . Stresses were 
quickly redistributed and caused failure in the remaining bands. A time domain recording of 
the runouts with a longer time window, not presented, reveals that the arbor and hub 
returned to steady-state rotation in less than 300 ms. Thus, total separation of the rim from 
the hub required less than 300 ms. 

Several possibilities are now being considered as contributors to band failure. Since the rim 
and bands are made from the same material, the rim will have greater radial growth with 
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190970 
Figure 18. FLYWHEEL HUB AND PROBE SUPPORTS. 

190966 
Figure 19. FLYWHEEL DEBRIS IN TANK. 



increasing speed. This will increase the 
stress level in the bands from 22% to 
as much as 50% of ultimate. An 
additional stress state is superimposed 
because the bands are not actually 
radial . Once they leave the support of 
the hub, they will tend to bow toward 
a more radial direction . The bending 
stresses which are created must be 
added to those mentioned ahove. 
Several more flywheels of very similar 
design are scheduled for testing in the 
near future. The results of those tests 
will be used to make a more definitive 
analysis. 

Miscellaneous Test Observations 

During the failure, the rim apparently 
dropped to the bottom of the tank . It 
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then made its way to the crash ring Figure 20. RUNOUT TIME RECORD AT FAILURE. 

and rolled inside this ring until 
stopping. The lower side and outside diameter of the rim seen in Figure 21 were severely 
damaged . Only about 60% of the rim remained intact. Even this portion exhibits areas of 
delamination. 

The inner crash ring was rotated about 48 degrees during the failure. Assuming that the 
work done was opposed only by the friction produced by the steel ring on steel slider plates, 

190972 
Fi!Jl.•re ?1. RIM SECTIONS AFTER FAILURE. 
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only 0.3 Wh were required to move the 817.2-kg (1880-lb) ring . This is a very conservative 
estimate since it does not consider the inertial forces experienced and the additional friction 
created by the material crammed under the ring during the failure. 

Finally, Figure 22 shows one of the vertical Unistrut members used to support the sensors. 
This steel channel has been struck by one or more of the flywheel bands. This particular 
photo shows an area where the filaments have actually punctured the 1 /32-inch-thick steel. 

190967 
Figure 22. KEVLAR BAND PROTRUDING THROUGH UNISTRUT. 

Conclusions 

Flywheel UCC-ND-2 failed catastrophically at a speed of 450 Hz. Tip speed was 718 m/s; 
total stored energy at this speed was 0.555 kWh. Dividing the stored energy by the flywheel 
mass gives an energy density in the 11.5-kg flywheel of 48.3 Wh/kg. Failure initiated in the 
bands used to attach the rim to the hub . 

A more comprehensive evaluation of the bandwrap flywheel design will be presented at the 
conclusion of the present series of six tests. 
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