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Abstract —The maturation of pulsed rotating machines has
evolved to the stage where a greater degree of basic research is  Table 1. Summary of rotor design and performance criteria.
required to further increase the energy and power density of
advanced compulsators. The University of Texas at Austin

_ . : . Banding
Center for Electromechanics is studying the combined mechani- Test Field Coil Speed  Field Coil  Hoop Stress
cal and electrical aspects of very high speed compulsator rotor  ggrieg Design (rpm) Strain (GPa) (ksi)
designs for the next generation of compact pulsed rotating 1 Single Layer 18,500 0.2% 03 48
machines. . , , , IIA-  Double Layer 24,300 0.2% 1.2 175
This paper describes the design, construction, and testing of B Double Layer 33,500 04% 17 250

three scaled composite rotors. Performance specifications includ-

ed hoop stresses of 1.7 GPa (250 ksi) in the outer banding and
strain excursions of 0.4% in the field coil region. Results from

the three studies are reviewed in detail. Techniques developed at SERIES IA

the Center for Electromechanics for determining composite

rotor performance are also discussed. Design

INTRODUCTION Rotor IAwent into production with the intent to study com-

. . . posite banding hoop strength. Because of milestone achieve-

The Umvgrsny of Texas at Austin C.en.ter for ents in other programs [1][2], it became apparent that more
Electromechanics (UT-CEM) pursues Ieader§h|p in puls owledge could be gained in rotor technology if the focus was
power tec_hnology through the development of h'_gh Speed rotaliiusted toward the durability of composite electrical structures

ing electrical machines. To date, these machines have bﬂ‘? have been repeatedly strained. The objectives of series 1A

g?'\'/?ned to operatedat hoopfstresses Qf 1.2fGPa (17,5 ksi). J’ame designing a coil/banding that could maintain interface
was contracted to perform a series of tests using scagflq e \yhile experiencing a hoop strain of 0.2% in the active

test rotors to explore the next level of operating regimes. Th %ion of a field coil and to develop an arbor/rotor for future
tests were to establish hoop strain capabilities in field Windinng tests
and composite banding performance up to 1.7 GPa (250 ks Once banding hoop strength was no longer the issue, the

hoop stress Ieyels. o most challenging aspect of the project was designing the means
The experimental study was approached in incremental st connecting the rim to the testing facility’s drive shaft.

series. Series | tests focused on a flexible arbor design to a"e:\gnnecting the rim to the shaft via a solid disk structure was
tgsting .Of. futurg candidat.e_ coils, panding cpmbinati_ons, aNfhsuitable due to the large amount of interference at the disk-
T'eld coil insulation durgblllty.. Series .“ testmg prpwded o.-rim interface required to prevent separation at high rotation-
increased focus on testing at intermediate coil strain and ba'&ﬁj'speeds. Achieving the amount of interference needed would
ing stress levels. The third series increased both field coil hoﬂBve been difficult, if not impossible, and the radial precom-
strains and the hoop stresses in the outer banding over thos rBsion at rest would have been high enough to accelerate the

ser:jesl . Throug.hc;uj[ thg |torog;i';1mt, aX|intrT;gtr|c f|n|te elefme scoelastic response of the composite bandings and field coil
models were maintained to refiect as-built dimensions of €agil resulting in a possible loss of precompression with time.

rotor and used to predict rotor behavior during spin testing. To A conceptual design for a conical shaped spin test arbor

date, three coil/banding configurations have been deSign%%’nstructed of high strength steel was developed and analyzed

built, and tested. Table 1 provides nominal design criteria fo[, ) e_dimensional (1-D) axisymmetric nested ring analysis
each of the test series.

and two-dimensional (2-D) axisymmetric finite element analy-

sis.[4] The conical shape is compliant compared to a solid disk,
Manuscript received May 1, 1998. allowing growth-matching of the arbor with the rim. This

K Cooﬁgaﬁﬁﬁen;:g:g;eamed at 512-471-4496, fax 512-471-0781, _gree_ltly_ r_educes the need fqr a large interfe_rence fit and results
This work was supported by The University of Texas Institute for 1N Significantly reduced radial precompression at rest as well.

Advanced Technology under contract no. DAAA21-93-C-0101.



The spin test arbor was designed to allow testing of a scale régir eddy current proximeter probes and two laser probes. This
resentation of an active region slice of a sample rotor. Designthe first attempt at UT-CEM to use laser probes to measure

goals for the arbor included: deflection of a composite high speed rotor surface.[4] Fig. 1
» Capability of operation to stresses of 1.7 GPa (250 ksshows the arrangement of the probes. The laser probe labeled
* Re-usability “Aromat” was reading off a graphite surface. All other probes
» Ease of fabrication were reading off the surface of the 4340 steel arbor. In the

Based on the results of initial analysis, a 2-D axisymmetrerrangement shown, the proximeter probe labeled “Bore” was
finite element model was constructed using PATRAN 2.5 softe serve as a reference against which the two laser probes would
ware. The arbor, the intermediate bandings, and a represet@-compared. The initial findings with the laser devices were
tion of the test rim were modeled. Interface elements were usattouraging, but not conclusive. For this reason, the data is not
to model S-glass banding interferences and the test rim intereluded in this paper.
ference. No attempt was made to model the individual compo- The manageable size of rotor IA lent itself to exploring
nents of the test rim or their interferences. Rather a represemtaw destructive and non-destructive techniques for evaluating
tive rim was modeled that was tuned to provide the same avtite performance of a rotor spun at a high velocity. A CAT scan
age stiffness and density as the test rim. The arbor, S-glasempt did not provide any usable data due to interference from
bandings and the test rim were all modeled with a 0.2° tape steel arbor and steel rim in addition to the inadequate reso-
angle. Four cases were run, corresponding to loading conditidngon capabilities of the equipment.
due to interference only at O rpm, and interference and spin 15X and 45X micrographs of the field coil end planes were
loading at 40,000 rpm, 42,000 rpm and 43,860 rpm. nearly indistinguishable in their pre- and post-spin appearance.

Although there is a significant amount of bending in th&he Teflon tape pulled away from the conductor in some
arbor at 0 rpm, the von Mises stress is less than 1.0 GPa (1d&ances, but this appears to be related to surface preparation.
ksi). At 40,000 rpm, the von Mises stress increased to 1.2 GRa evidence of crazing or cracking in the post-spun field coil
(180 ksi), 1.4 GPa (209 ksi) at 42,000 rpm and 1.6 GPa (288uld be seen.
ksi) at 43,860 rpm. These values compare very well to the hoop In order to study the interior of the rotor, three 1.27 cm (0.5
stresses calculated in the nested rings analysis, indicating thainif thick rings were parted from the test rotor for examination.
all cases the hoop stress is the significant component of the Vidris was the first time that a highly prestressed rotor had been
Mises stress. disassembled in this manner by UT-CEM. After close inspec-

Radial stresses in the S-glass banding at the end of tien, no spin induced damage was observed in the bandings or
arbor compare favorably with those predicted by nested ringe field coil of rotor IA.
analysis. At the other end, however, there is a substantial devi-
ation due to the increased stiffness of the cone of the arbor. This
radial tension buildup is due to the end of the S-glass bandi@%ﬁgn
and test rim losing contact with the arbor as the arbor deflects. . .

. . . Rotor 11A was configured to verify the structural adequacy
To ensure radial compression throughout the bandings UpotPa representative field coil under anticipated operating condi-
43,860 rpm, the interference was increased slightly. Axial and

. . tions including strain excursions of 0.2% and high voltage insu-
RZ shear stresses in the bandings are low compared to the mate- S . : X Lo
) ! . ation capabilities.[3] The field coil configuration incorporated

rial strength, as are hoop stresses in the S-glass bandings.

. . in rotor 1A is representative of the conductors, insulation, and
Rotor IA was also analyzed for its rotordynamic character- o . .
- . . . . race track geometry utilized in full scale machines. Akey tech-
istics. During spin testing, the rotor was suspended vertically in
a pendulum fashion from a 9.5 mm (0.375 in.) diameter quill
shaft, within a spin test pit. For successful spin pit testing, tw
rotordynamic conditions must be satisfied; 1) the first flexibl
bending mode frequency of the test rotor must be at least 2!
above the maximum spin test speed, and 2) the rigid rotor cc
ical mode frequency should be at least 20% above or below !
rotor speed for all speeds up to the maximum spin test spe

All configurations analyzed satisfied these two requirement
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The IA test rotor was spun successfully six times up to
planned maximum speed of 18,500 rpm. The key result of t
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tests was that the dynamic performance of the rotor was con: Aromat IDEC _

tent and showed no significant variation from test to test. Tk |\ N\

is important because it means that any movement or shifting ’ |
#4, Axia

material within the rotor, if any occurred, did not affect the hig
precision balance of the rotor. . . . '
Rotor deflection data was acquired during each test fro Fig. 1. Rotor IA instrumentation location.
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nical issue with this type of design involves structural adequ

cy of the field coil conductor insulation to sustain induce:

transverse strains arising from rotor growth during spin up fro B2 Banding—]
the at-rest condition to design rotational speed. In the rotor’s . Field Coil—>]
rest condition, the sequential build-up of bandings using inte
ference fits results in radial compressive stresses that indt
hoop compression in the field coil region corresponding t
transverse compressive strains in the conductor insulatc
Radial growth induced in the rotor during spin up subsequeni
superimposes hoop tensile loads on the field coil resulting Arbor\\
average transverse tensile strain excursions of 0.4% in the ¢
ductor insulators. Since the transverse stiffness of insulation
two orders of magnitude less than the stiffness of the alumint
conductors, these average transverse tensile strains are prin

B1 Banding —>|

3910.0693C

ly absorbed by the insulation material between conducto Fig. 2. Axisymmetric model of rotor lIA.
resulting in significantly higher transverse strains induced in tt -
insulation.

The rotor IlIA design was configured to reflect conditions
on the field coil in both the at-rest and the at-spin states. Itw Field Coil at Assembly Hoop Strain
also desired that construction of rotor 11A would be represent 0.32%
tive of the sequential interference fit assembly procedures ty] -033%  -030% ***  .028% 020% 030% o
cally incorporated in this type of rotor configuration. A\ R < y)

The 2-D detailed axisymmetric finite element model of th: | ENANIENEAN EA
rotor is shown in Fig. 2. Surface interactions between the col l > ,\ 7 \A 5 \ / 7 ( ( |
ponents were modeled using non-linear interface elements @.26% D20% 020% 105 -0.22% g 304

-0.23%
. . . . . . N -0.22% -0.21%
axial constraints to simulate bonding. Material properties fc %% P

the composite rings were generated using a CAES propriet:
pre-processor. The pre-processor uses the ply-by-ply lay-
and generates orthotropic material properties for each elem
based on the content of layers within that element. Propert 0.13%

for the field coil were calculated from results of testing done 0.08%  0.095% 010% 0,15 014%
UT-CEM on potted field coil sections. A double layer field coil 3
section was modeled in detail. The aluminum conductor/ins ~—

lation sections were modeled using the data measured by ( > v v

CEM which was run through the CAES pre-processor to gent 0.17% 0.18% 010%  020% 2"
ate consistent orthotropic material properties. The insulatic 3010.06938
above and between coil layers, along with the glass cloth cre
ing the tapers on the inside and outside of the field coil secti
were modeled separately.

Predicted average compressive hoop strains resulting from
the assembly sequence and press fits are -0.2% in the inner fiBdoughout manufacture and testing, the resistance was consis-
coil and -0.28% in the outer field coil (Fig. 3). The total trangtently measured in the gigaohm range.
verse tensile strain excursion from the rest state to spin condi- The series IIA rotor was test spun in a vertical configura-
tions at 24,000 rpm is 0.37% in the inner field coil and 0.36%0n inside the same air-turbine driven spin pit used for testing
in the outer field coil. Radial growth predicted by the finite eleseries IA. Two eddy current sensors were located on the ID of
ment model is 4.7% higher than the corresponding measutbeé steel arbor with one IDEC laser sensor on the graphite band-
values obtained from spin testing of the rotor. This reflectag outer surface. The three sensors are non-contacting gap
good correlation between the finite element model and the tssinsors. The two eddy current displacement sensors (Bentley
data, as seen in Table 2. Nevada) have a frequency response from dc to over 5,000 Hz.
Testing The laser displacement sensor made by IDEC (model MXIA-

The field windings were voltage tested during each IohaBlZRGS) also measures gaps, in this case from 30 to 50 mm.

of their construction. The first test, at 2 kV, was performed aﬂzﬁls model laser sensor has a frequency response from dc to
L . : .~ about 1 kHz. The laser has the key advantage of being able to
Limitrak was applied to the coils. The second round of higher

voltage testing was performed after the half-lapped layers roefad off non-conductive surfaces. The composite outer banding

. .~ made with graphite has some conductivity, but not enough to
Teflon tape and glass tape were applied and after the coils hai ; i

? . roduce an adequate signal with any of the eddy current sensors
been assembled into a potted structure. The final tests were per-

formed after the B2 banding was pressed into place over lﬁemh were tried (including 5, 8, 14, 25 and 50 mm tip Bentley

Randolite layer and after each spin test was performe gvada Sensors).

Field Coil at 24000 rpm Hoop Strain
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Fig. 3. Predicted hoop strain in rotor IA.



Table 2. Measured and predicted growth values for rotor lIA 103 in. radial 103 m radial

Composite Rim 3 64 e v - 10
Measured Predicted o -68 \"\ 00
(mm)  (inx10%)  (mm) (inx103) ERRP ™~ Fo
Test 1 0.441 1736 043 16.81 76 NG
Test 2 0.452 17.78 0.43 16.81 -
Test 3 0.448 17.62 0.43 16.81 Y i daaw — -0.50
Test 4 0452 17.79 043 _ 1681 5 e it Y .
Test5 0.451 17.74 0.43 16.81 g - ha Y L
Test6 0446 1756 043 _ 1681 T 28 N o
Average 0.448 17.64 0.43 16.81 g A 02
Std Dev 0.004 0.17 & 4 e N o1
g 0 ;:\ 0.0
w4 NG 0.1
- 3 ~ 02
Since the sensors can measure the dc component of ! ! ' '

ap, they can measure the centrifugal growth of the rotor 0 5,000 10000 15000 20000 25,000
gap, y gal g Rotor Speed (rpm)

well as any static lateral offset which occurs during a test. Tl 39100695
two eddy current sensors are mounted 180° from each ot
This makes it possible to distinguish dc gap changes due to c
trifugal growth from that due to rotor lateral offset. The exac
position of the rotor can change slightly as it spins up, makiny
it necessary to measure this offset so that the rotor growth ¢~=
be determined. The laser sensor was mounted in the same p
as the two eddy current sensors and will see the same offse:
The rotor was accelerated six times from rest to a plann __
maximum speed of 24,300 rpm. Dynamic gap data wz“‘é
acquired with a computer based multi-channel data acquisiti x
system at a constant sample rate of 2,560 samples per sec £ 1
per channel. This is adequate to measure analog frequencie:§ ;5 ]
to about 1 kHz. Fig. 4 shows plots of the dc gap versus roi 8 ]
Q
rpm for test number 6. The anticipated quadratic nature of t> /v
data is clearly evident. As mentioned above, the gaps from 1 § 1.0 A\
opposing eddy current sensors are used to determine the gro § ] Steel Hub ID 20
and offset ([s1+s2]/2 and [s1-s2]/2) of the steel hub. The offs G ] (eddy current)
is then used with rim gap data to determine the growth of tlg 0.5
composite rim. Table 2 summarizes the measured and pred 5
ed growth values for all 6 tests. c
The three sensors also measure the dynamic motion of = 00 0
rotor. Fig. 5 shows the filtered synchronous vibration compt 0 5000 10,000 15000 20,000 25,000
nent for test #6. It is equivalent to the amplitude of the sign Rotor Speed (rpm) 9605.0019
passed by a narrow bandpass tracking filter centered at the r
ning speed frequency. The amplitude of this signal consists
the characteristic runout (i.e., waviness) of the target shaft s
face, and synchronous whirling vibration motion of the roto
The eddy current sensor amplitude is seen to level off at high ) ) o ) ) )
speed at 0.03 mm (1.3 mils) radial peak amplitude. This med9- _'t is believed that t_he indicated char_lge in the nm ampli-
that the mass center of the rotor is radially displaced about 0§#€ iS due to changes in the runout profile of the rim. As the
mm (1.3 mils) from the geometric centerline of the bore of th%e”t”fUQaUOfC?S increase, any bulglng out of the rim surface
steel hub. By contrast the mass center is seen to be displac@dd manifest itself in precisely this manner.  Amplitudes of
about 0.05 mm (1.9 mils) peak from the geometric center of tH?—P hlghe_r harmonics fr_om the laser sensor are band limited by
outer composite rim. The centerlines of the hub and rim as in§irtué of its 1 kHz maximum frequency output. Only the sec-
cated by their respective sensors are not coincident, but are §ffd harmonic could be monitored to speeds above 18,500 rpm.
set about 0.02 mm (0.6 mils) from one another. The second harmpmc amplltud'e is arqund 0.01 mm (1.4 mils)
In Fig. 5, the trace of the rim amplitude begins to incread¥$ak, and only minor changes in amplitude were noted.
at 18,500 rpm. This behavior was duplicated in each of the six Rotor IIA met all of its design objectives. It achieved a
tests. There is no such change in behavior noted in the HIPP Strain in the field coils of 0.2% while maintaining insula-
amplitude, implying that the balance of the rotor is not chan§©n intégrity after spinning six times to 24,300 rpm.

Fig. 4. Rotor lIA, run 6 growth vs. rotor speed.

Composite Rim OD
(laser) \ ‘

N

0 -

(m x 10°6)

Fig. 5. Rotor synchronous vibration vs. rotor speed.



SERIES|IB

B3 Banding—
Desi ~<~—B2 Banding
esign . .
. . . <Field Wind
The goals of this test series were to achieve a hoop str el Hinding
of approximately 1.7 GPa (250 ksi) in the B3 banding and hot ~—B1 Banding

strains of 0.4% in the field windings while maintaining radia Arbor Sleeve ——
compression in the rotor. To accomplish these goals, an ad

tional banding (B3) was added to rotor IIA to allow it to reacl

higher tip speeds while maintaining radial compressiol Y

Secondary design issues that emerged during preliminary inv L Rotor 2B Section View
tigations involve maintaining stresses in the arbor below yie X August 15, 1997
during assembly and minimizing the press load required 3910.0694a
assemble the B3 banding.

Version 1IB of the rotor represents a significant increase
stored energy and complexity in comparison to the IIA roto
This is due not only to the fact that the 1IB rotor has addition:
components, but also to the fact that its operating speed is 4u v

higher. Preliminary finite element analyses revealed that the The results of the finite element analyses were compared

A rotor—and, i_n _particular, the steel arbc_)r—had a h_igh ”_ke”\'/vith closed-form solutions at the rotor midplane obtained by
hood of failure if it was converted to |IB without mOd'f'Cat'on'nested ring analysis and were in good agreement, except for the

The main problem was the addition of the B3 banding requirggl, - 1his was not unexpected since it is the arbor that devi-
in the IIB specifications would have increased the at-rest COM¥as most from an ideal fing geometry

pressive hoop stresses in the arbor above vyield. It was con-
cluded that a sleeve must be added to the inside diameter of tBging
arbor to relieve these stresses. As with the first two rotors, rotor 1IB was also suspended
The cross-section of the IIB rotor is given in Fig. 6. Onc#om a spindle for spin testing. Provisions had been made with
the IIB rotor design was determined, finite element analys#¥s rotor for hi-potting it between each run. Rotor IIB was suc-
were undertaken in order to verify the performance criterigessfully hi-potted after each spin test at the facility, then retest-
could be attained and also to help make salutary adjustment§goupon its return to UT-CEM where higher capacity equipment
the design. Due to the rotational symmetry of the rotor, a 2\@as available.
model was developed using axisymmetric finite elements. Instrumentation for rotor 1B was the same as for rotor 1A
Four analyses were performed on the IIB rotor. The firg¥ith one addition. A second IDEC laser sensor was installed
examined the effect of tapering the bore of the arbor to facifl80° opposite the first. This allows a more direct measurement
tate insertion of the sleeve without any of the 11B componen® the growth and offset of the outer surface of the rotor. A
(i.e., B3 and the support sleeve). The second analysis examifgties of six test runs were conducted up to the planned speed
the effect of inserting the support sleeve into the tapered arl§ér33,500 rpm. Before testing, rotor 1IB was balanced on a
bore, prior to assembly of the B3 banding. The final two analgommercial balance machine to a mass center offset of less than
ses examined the full 1IB rotor (with all components) in the a.5x 103 mm (0.1 mils). This offset is of the rotor mass cen-
rest and at-speed states. ter with respect to outer diameter of the steel hub at the point of
The first analysis confirmed that there will be an inwardUuill shaft insertion. The rotor was supported in the balance
deflection of the arbor ID of approximately 0.1°, producing &achine by clamping onto the steel hub at this location.
net taper angle of 0.5°. The analysis also showed that there will Fig. 7 shows the growth from one of the IDECs for the last
be a negligible increase =27.5 MPa (4 ksi) in arbor hoop strdé¢ee tests. The shift in the data from test 4 to test 5 is from
due to the tapering. The second analysis confirmed that th&mping the sensor mounting bracket a few millimeters while
will be significant reductions =172 MPa (25 ksi) in both arbohipotting the rotor between runs. This has no affect on the
hoop stress and von Mises stress after insertion of the supg@i@wth measurements. Table 3 shows a summary of the mea-
sleeve. The analysis also showed that there will be a reducti@#ed and predicted growth for rotor [IB. The growth was
in maximum radial displacement in the arbor of approximatelynderpredicted by 2.8 162 mm (0.8 mils), or 2.6%. Such
0.13 mm (0.005 in.). close agreement helps verify that predicted strains, and thereby
The third analysis examined the full 11B rotor at rest. Istresses, are computed with similar accuracy.
verified that even after the outer loading bands have been Fig. 8 shows the filtered synchronous vibration from the
assembled, the von Mises stress in the arbor should not excksd test of rotor [I1B. Traces from the five other tests were vir-
approximately 1.2 GPa (170 ksi), well below yield. The finalually identical. The vibration amplitudes again show the rotor
analysis examined the full IIB rotor at a speed of 3,570 rad/s. balance to be retained throughout the test speed range for all
verified that the B3 banding should experience a maximutasts. At high speed the downward drift in amplitude on the
hoop stress of approximately 1.8 GPa (260 ksi), and the fidrper sensor is not accompanied by a significant change on the
coil should experience a maximum hoop strain of approximatlub ID sensor. These data indicate that the precision balance is
ly 0.46%, as desired. not changing.

4340 Arbor

Fig. 6. Test rotor IIB section view.



Table 3. Filtered synchronous vibration of rotor 11B (data not

102 in. radial 10-3 m radial yet reduced for tests 1,2,3)
10 — 0.2 Composite Rim
b \ 0.0 Measured Predicted
= — 0.2 (mm) (inx103) (mm) (inx103)
e \ —-04 Test 4 0.77 30.44 0.79 31.020
™~ |06 Test5 0.76 30.10 0.79 31.020
B Test6 0.77 30.16 0.79 31.020
— 02 Average 0.77 30.23 0.79 31.020
0 -—-\ gg Std Dev 0.005 0.18
§ \\ 0.4
— -0.6
0 TN
10 — 0.2
© _—\ 0.0 102 in. rms radial 10°% m rms radial
#* 1.0 — 25
s —-0.2
7] — 20
o — -0.4
8 \ o % ‘ I
} ~ ' g 0° 10
30 T T T T T T n
U —
0 10,000 20,000 30,000 00 2
Rotor Speed (rpm) 3910.0697 3.0
. X 20 — 60
Fig. 7. Test rotor 1IB OD growth. % . L 0
E 1.0 L 5o
0.0 0
CONCLUSIONS g 20 50
. . . .. . = _ — 40
Nested ring and axisymmetric finite element analysis ¢ & I'I"I' "|I| o I' "“""""T“Fm L 20
composite flywheels have become very reliable tools to pred 310 L 50
behavior during high speed operation. Not only will they acct E — 10
rately predict rotor growth, they are invaluable in the design: = 0.0 T T T T T T 0
each composite layer. Through the use of these tools, this 0 10,000 20,000 30,000
gram successfully reached each of its design goals, most Rotor Speed (rpm) 3910.0696
which had never been attempted before in the development
compulsators. Fig. 8. Rotor IIB synchronous vibration vs. rotor speed.

¢ Banding hoop stress of 1.7 GPa (250 ksi)

e Field winding strain excursions of 0.4%

e Development of high performance field winding insu-
lation

The design and testing of these rotors, has demonstratél R-C. Thompson, “Report on burst spin test #1,” Test Devices

that the next generation of compulsators are based upon reliaple TeSt Number C-2045, September 1996.

. : . - R.C. Thompson, “Report on containment UT-CEM test #17,”
engineering design. ~Continuing component research of e Test Devices Test Number CEMB ZD-10, DARPA Flywheel
type will increase this reliability.

Safety Program, November 18, 1997.
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