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ABSTRACT
Oge of the promising new ' technologies to emerge from the energy: crisis of
the 1970s s the appicatnon of fber composites to the design and manufac-
ture of mechanical energy-storége rotors. An mportant component of the
University of O‘ttawa %rogam to buid a 1-kWh usable—energy fber-composite,

energy— storage rotor ('ESR' or ﬂywhed' as some stil prefer) was the devel

opment of a spin-test facity and the dynamic testing of compos:to ESRs and
/ . o

components,

This thesis describes the development of a wodd—calt;er ‘high—speed, spin-
testing laboratory for the rotor program, beginming with only a vacuum cham-
ber and video monitor, and the formulation, execution, and analysis of a num-

ber of unique spin tests. In a progressive ‘fashion, component tests paved the

" way for material-property tests which, n turn, provided data essential for the

désign of the ful-scale rotors that were the subject of the final tests.

In a seNes of destructive uitimate-speed tests, the biaxial tensie streng‘ths
of two sheet mold'ng compound (SMC) and one S2-glass laminate disk speci-
mens were found to be 212.{3, 219.1, and 863 MPa, respectively, and the
radial transverse strength of a carbon—fber/epoxy resn ring wound in the
rotor program's materials laboratory was found to be 36,56 MPa. In these
tests, a novel method of botting composite cisks to a shaft attachment was
proven to be feasble for the first t’m& anywhere.

In a series of nondestructive tests, two metal-hub designs were found to

be dynamicaly stable to speeds in excess of ther designad maximum operating

h »



sspeeds. Furthermore, ther radal growth (dlation) versus speed behavior was
found ‘to behave pledictably, an important resutt snce both hubs were
designed to exhbit large radal displacements for compatbiity with composite-
material rings. |

Data from both test series were used in the design of fouwr 1-kWh rotors,
three of which were tested to ther maximum operatng Speed Of the three,
two are composite—hub rotors with shrunk-fit carbon rings and the third, a
flex-rim hub fitted with a biannular S2-glass/carbon ring. The flex—rim hub
(FRH) rotor proved to be the most stable dynamicaly, but suffered from ring—
manufacture and possible ring-assembly problems that resulted in two falures,
one in the carbon ring, the other in the 5'2-@&33 ring The foq.r‘th rotor design,
a spring-spoke hub (SSH) and biannular ring, was assembled twice and an
attempt was made to balance it, but it was never tested to speed b.ecausa
the runcut and tit could lét be reduced to acceptable levels, requring gross
force and moment rcorrpcm The falures of the FRH rotor rings did, hovx.r—
ever, prove that high-energy ESRs can be designed for safe falure, with the
. . implication that containment-mass requirements may be' reduced significantly.

In summary, this thesis descrbes the upgradng of the University of Ottawa
Spin-Test Faciity ?j'om a vacuum chamber and video system to the equivalent
ofmanytotheiaboraténesdescrbedhtheiterature. ttthengoesonto

k

document saveral urique spin-test experinmts.




GLOSSARY OF TERMS

ESR - Energy—Storage, Rotor .
FRA - ix-Rim_Attachment

FRH - “Flex-Rim Hub

FFT - Fast Fourier Transform B
MEST - Mechanical Energy Storage Technology
RPM - Revouﬂoﬁs Per Minute o

Mi - Millinch

saL - SzQG;lss Laminate

“SMC - Sheet-Molding Compound

SSH - Spring-Spoke Hub

STF - Spig—Test Facaty

a - radius of disk central hole

b - * radus of disk - |

v - Poisson's ratio

0 - density 2
tw - angular velocity

o ~ stress
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- Chapter 1

INTRODUCTION-

1.1 Historical Perspective
The Ci Crisis

. The world price of one barrel of crude ol, in US dolars, rose from 260 to
1160 between October 1973 and Jamuary 1974, profoundy affectng for
many years the economies of every ol-mporting country in the worid. ' During
the years 'r;medﬂztety folowing this price” discontinuity, initiatives were taken in
many of these countries to develop' oi-conservation technologies and, in a few
‘of them, one of the emergent technologies took the form of mechanically stor—
ing eneréy n compact, lightweight, fber—composite ﬂywheels1 .This thesis is
concerned with the performance and dynamic testng of rotors of' tﬁs kind,

several of which have been designed, manufactured, and- tested at the Univer—

' sity of Ottawa.

The Ubiquitous Flywheel ¢
The wheel was invented at least 5500 years ago. Two or three milennia
later, the archeological record shows that one of these was used as a fly-

whee! in the manufacture of pottery.

T Webster defines a flywheel as a "heavy wheel regulating the motion of a
e Mmachne”. A more appropriate generic term.coined by RC Fanagan at the
University of Ottawa is “energy-storage rotor” or ESR. Since "fiywheel” has
come to mean energy-storage device in the Rterature, both names are used
interchangeably in this thesis, although ESR is preferred. .

-1 -



2
From the potter's wheel to stabiized inertial platforms, the flywhesl today is
to be found in many appications, none less obvious nor more prevalent than
the classical heat-engine flywheel «In recent times, the flywheel has begun to
evolve nto a high—energy, lightweight mechanical ehergy-storage device which
can be used, among other things, for propeling vehicles, either between period-
ical- charées from external sources, or in a hybrid engne-flywheel powertrain
where the rotor's charge is mantained by an on.—board engne and by the
recévery of braking energy. ‘A .
Long before the energy crisis, but probabty not before the appearance of
the flywheel-powered toy car, the Swiss company Oerkon AG manufactured.
flywheel-powered, regeneratively-braked troley buses that traveled one mie
between charges of ther 1500-kg, 3000—pm steel fiywheels [1]. These buses
were in service from 1950 untl 1969 in Switzerland, Zaire, and Belgium.  roni-
cally, it was the p;'ice of ol that both/brougﬂ: about the demise of the first
BGR-powerad bus n the '60s, and its resurrection in the '70s. The dramatic
ol-price decline of the ‘80s has tem-aora.riy delayed the development of ESRs
for buses, or any other vehicle for that matter, but this has mot ruled out

many other potential energy-storage applications that are independent of wo

/
oil prices.

The Transportation Flywheet

Around the time that the Oeriion bus was beng phased out of service,
advanced steel flywheels were being developed in the United States, England,
West Germany, and Russia. In 1974, Garrett instaled a mechanical-energy
storage system in two New York City subway cars for a trial period {2,3]
and, in 1976, the University of Wisconsin instaled a Garrett steeflywheel sys—
tem in a modified Ford Pinto (4]
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Although steel-flywheel development was to contirue for - a brief time,

weight, strength, safety advantages, and increasing avaiabiity would make fber
composites the materials of choice for ESRs. h fact, the Mechanical Energyl

Storage Technology (MEST) program created by the US Department of Energy
n 1975 was specificaly charged with the responsbiity of developing fber¥
composite rotors [5]

The Fber-Composite Flywheel

After more than 20 years of flywheel' ressarch, Rockwel Internationals

Rocketdyne Division pushed steel ESRs close to ther ultimate design mit with a
tapered, constant-stress, -aloy rotor capable of storing 256 Wh/kg at . its
maximum design speed, an achievement that was matched by General Electric

with its own steelrotor design [6,7] This, however, merely represents the

starting pont for composite-flywheel energy densities, as demonstrated in Table -

1.1.

haddﬁontoﬁmﬁgwerspedﬁcsh'mgﬂ'sofoonposites(strmgtﬁperwit

density) compared with metals {Figure 11) composite flywheels can be desgned .

to fai in a manner that requires substantialy less contanment than metal

‘rotors of the same energy capacity. Togwood has estrmted that the con-

tainment weight required for a composite rotor is onty 15 to 30 percent of
that required for a steel. rotor [2]

Given that General Electric's prototype containment package weighed 36 kg (80
pounds) for a 10.1 kg rotor [12] one might conclude that the equivilent steel-
rotor would requre a containment mass somewhers between 100 and 200 kg.

Under these conditions, the composite rotor stores a maximum of 11.1 Wh

per kiogram of total energy-storsge system mass, whie the stesi rotor stores -

only 3.0 to 1.6 Wh/kg The University of Ottawa ESR experience suggests
/

—_—



°o Table 1.1: Flywheel Energy Densities

Specific energy densities for representative isotropic and quasi-isotropic
energy-storage rc_':tors. f

Tetal Total Energy
Rotor Energy Moss Denaity
Type\ (kWh) (kg) {Wh/%g) Ref.
Flat
steel
disk 24.6 595.0 7.6 (3]
Tapered
stesal
disk . 16.0 624.0 25.6 [7]
Flat
composite
disk 0.23 10.5 21.3 [8]
Tapered: A}
" composite
i disk 0.47 17.0 27.6 [9]
|
{ Composite .
disk/ring 1.34 34.4 39.0 (10]

that the GE containment, buit to contain fragments, was more massive than
necessary to contain a flywheel with a circumferentialy-wound ring that is
designed to fal in the transverse (radial) direction. Clearly, then, an order of

magnitude improvement in energy-to-weight ratio is possible with composite

over metal rotors.

Flywhese! Economics

" The quantity of fuel consumed by intemal-combustion—engne vehicles is tru-

ly staggering I 1981, Eisenhaure et al [13] estimated that the annual United
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-ness of advanced composite materials [11]

States general automotive consumption of gasoline was some 79 bﬁon-:‘ galons,
14 biion gatons of which was attrbuted to taxd' usage. I the same year,
.Krupka. et al [14] con&;ded that a saving in fuel costs of 50% for the New™
York City taxi fleet was feasble, employing state-of—thge—art. steel—ﬂywheei
technology. Thus, a-potential 1981 saving in fuel costs (abeit a simpistic one)
of some $0.8 bilion existed, in that year, for US taxis alone. The University of
Wisconsin's demonstration of .a 25'56 fuel—econom”; saving with a steel-
flywheel-equipped Ford Pinto, and its projection of a 50% saving with a
second-generation, flber-composite rotor-equipped car [15] lends some credbii-

ty to the economic studies of Eisenhaure and Krupka

Jhe Scale of Flywheel Research
Under the MEST program, the US Government spent about 20 miion dolars
[+ * '

on flywheel R&D dumg the years 1975-1981.2 Bsewhere in the world, the

2 Data extracted from refersnces [26]{28]

&




in various countries [16]

In terms of applcatiqps, the American prog-arh focussedmanty on vehicles,
with mifimal effort drected toward stationary energy—storage-appication
developmen‘t\ In other countries n. which flywheel research was taking place,
there was a more balanced dstrbution of effort For example, in 1980, the
West German company Maschinenfabrk Augsburg Numburg (MAN) was develop-
ing a steel-flywheel-storage system for desel-bus instalation [17] whie the .
French Societe Naticnal hd;s&iele Aerospatiale was applying its satelite ﬂy—r
wheel technology to earth-bound, stationary applcations [18] The resuits of
an ambitious Halian National Research Councl sponsored testing pro—
gram, reported n 1982 [19], were based on a \:rariety of rotors‘suitable for.
moving or stationary applcations. ' s

'fhe begnning . of C;a'nacﬁan research in this area was marked by the publca-~
tion of analytical system studies during the mid to late '70s by Flanagan et al
of which [20] and [21] are representative references. These led eventualy to
the awarding of several Canadian Government contracts to the University of
Ottawa, begnning with a matefials study n 1980 [22] The University of
Ottawa 'Rotor Project was ultimately drected toward the development of a

fiber-composite rotor capable of storing 0.75 to 1.0 kWh of usable energy.4

%3 For the countries France, W Germany, ltaly, Japan, S Africa, and the K
combinedd Switzerland and Russia were mentioned but, although there was

evidence of flywheel research in Russia at least, no figures were given for
sither country.

4 Usable energy is defned as the anergy avaiable between the maximum and

minimum operating speeds. TherrhmzmspeodisuwalySO%ofﬁ\emﬁ—
mum




1.2 Thesis Objectives
The objectives of this thesis are pri experimental in nature, broady
based, and tightly integrated into an 'mtor—devdopénmt progam requiring
the continual development and refurbishment of a sophisticated test laboratory.
The estabishment of the test la.borafory, in this case, assumes adcitional signif-
icance because the equipment was to become a permanent test faciity; there-
fore, the davelopmental aspects of this }hess are of primary importance in the
followng ist of objectives:
1. Estabish a high-speed spin-test faclity (STF) capable of both destructive
. and nondestructive testing of high-energy—density fber—composite rotors
. and rotor components.
2.\-\-Test ESR component performance and dynamic behavior.
3. Determine fiber—composite material strengths under centrifugal loading
{biaxial tensie strengths). p
4; Collect' and interpret performance and dynamic-response data for 1.0
~ and 1.33-pus kWh composite-ring, high-energy—density rotors.
In Chapter § these objectives are considered further withn the context of
the University of Ottawa Rotor Project

1.3 Literature Survey

The buk of composite-flywheel spin-test iterature has been generated by US
MEST program contractors and publshed in the proqoéchgs of three Flywheel
‘Technology Symposia [23, 24 25] and six Anmual Contractors' Review Meetmgs
[26,27.28, 2930311 .

The results of this survey are concerned primarly with this body of htera~
ture and are discussed under the folowing categories:
1. Spin-test faciities.



2. - Publshed spn-test results. N

1.3.1 Spin-Test Facilities
The majority of organizations engaged n flywheel research erre' able to do
ther own spin testing with varying degrees of sophistication, but only a few
have offered ‘any equipment or test-procedurs detais.

in thé United States, two laboratories were descrbed in detal in the itera-
ture probably because of ther publcly-funded role as test faclities within that
counfry’s fiywheel research program The status of Oak Ridge, particularly, as
a national laboratory, made it better equipped than Johns Hopkins for that
purpose.

For the same probable reason, an Ralan facfty was the only laboratory

outside of the USA to be described in detal

1. Johns Hopkins University (JHU)

In general, the U Flywheel Test Laboratory (FTL) is the most ambitious of
the surveyed test faciities [32] Its ecuipment includes:
« TEST CHAMBERS AND VACUUM SYSTEMS

Four spin-test chambers: two ‘gorizonta.l—axis and two vertical-axis cyfin-
ders, designed for a range in rotor sizes from less than one kiowatt-hour
to many kiowatt-hours, and for smw and moble rotor-instalation
applications. Of the four c!mmbers two are equipped with ar motors, one
is set up for testing rotor/dynamometer systems, and the fourth was to
be powsred by a 125‘—rp‘dyna.momeier.

L
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Vacuum is maintained by mechanical-diffusion and mechanical-blower .
pump combnahons or by. mechanical pumps alona.

-

NSTRUMENTATION AND CONTROL

. N
Conventional turbine speed control with electromagnetic braking and an

_antiresonance device for controling whil in the typicaly long qud shafts

used by FTL in two of its chambers. _ * |
Video recordng with microcomputer—generated alphanumerics (date, time,
speed, and energy) and hgh—speed stdl cameras. .
Eddy—cwrent displacement-probe system for monitoring x-y motion (in
one plane) and an accelerometer mounted on the turbine body for

.

z-motion detection. :

2. Union Carbide

. Union Carbide's 2-kWh-capable Oak Ridge Flywheel Evaluation Labdratory

(ORFEL} [33] became operational n 1979 [34] with the folowing features:

TEST CHAMBER AND VACUM SYSTEM

One vertical-axis cyinder equipped with an impulse ar turbine and an
unspecified, but probably mechanical-ciffusion combination, pumping system. -
NSTRUMENTATION AND CONTROL

Conventional turbhe'speed controler/tachometer; 60,000-pm turbine with
bici_rectional torque capabiity. ‘
Standard 30-Hz scan—rate video monitoring with stroboscopic umination
Eddy—current and électrooptical displacement measuring transducers;
pyrometer for rotor-temperature measurement. *
Torque—measuring equipment to measurs momentum transfer to con‘tah— )
ment during flywheel fajures. '

3. Politecnico d Torino

N
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test facity was not avalable n Engish However, some fackty detais are
avaiable in" the cited reference [19} ‘ S et

« TEST CHAMBER AND VACUM SYSTEM

A vertical-axis cyinder with asynchronous electric motors for fotor ener—
ges exceedng 2 kWh .and an ult'rrtate vacuum-pressure capabity. of 75
mTorr rotary - booster pump combination.

. NSTRLMENTATION AND CONTROL

Variable-frequency converter electric-motor speed controls. Video monitor
with stroboscopic flumination; tachometer, .
4. Comments
."\ :
The FTL at Johns Hopkins was established for fiberJcomposite burst {materi-
als) and long-term, utlity-type rotor testing

ORFEL was set up specificaly to. do burst, containment, and cyclic testing

" for the MEST program. Its cycic—testng capabity was used to cycle two

small rotors 10,000 tmes between 50 and 100% of thers maximum operating

speeds. This faclity conducted most of)the mportant spin tests for the US

program. ‘

The flywheel laboratory at the Poftecrico di Torno is sponsored by the Ital-
ian National Research Councl to investigate a ve'Lriety of flywheel materials in
composi'te and bare-flament form. The selection of an electric-motor drive
was lkely dictated by high power and torque requirements.

In general, the vertical-axis cyindrical spin-pit with a heavy, crane-removable
id has been the most commonly used type of chamber, offering relatively sim—
pler containment arrangements, but suffering 1;rom the ret;l disadvantages of kd

hoisting/lowering and the lack of access to the rotor with the §d in place.

-
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ORFEL has the best rotor-tracking equipment and is able to monitor not
orly the motion of the rotor arbor, but the motion of the ring radialy. and
axialy with respect to the arbor.
The papers on these three facities each contain some reference to an in-
house rotor-balancing capabiity, but only ORFEL descrbes routine, in-chamber,
high-speed balancing, without specifying the method used. '

1.3.2 Published Spin-Test Results
The surveyed kerature contains test results and/or rotor design parameters

published by or on behalf of thirteen orga‘niza'tions.5 These detais are summa-—

rized in Table 1.2 to give the reader an appreciation of the depth and diversi- -

ty of .fber—composite flywheel research

In the table, these rotors are divided 'n;:o the folowing types:
1. AL Fat metal disk '

2. A2: Tapered metal disk.

B1: Flat composite disk. ' y
Bg:’ Tapered composite disk.

'C1:  Composite-disk hub/composite rim.

C2: Composite-spoke hub/composite rim

N o o s w

D1 Metal hub/composite rim.

5 Profit and nonprofit corporations, rasearch hétitutes, and universities,
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Table 1.2: Pubflished Spin-Test Results

A summary of spin-test data from the iterature survey.

Bullder Ident Motericls Mass Inertjo Spncé Energy Density Ref

Type (kg)  (kg=m2)  (rpm) (}Wh)  (Wh/kg)
Al Oerlikon GyBus 4340 1500.0 498.0 3000 6.8 4.5 [1]
Al Garrett ACT-1 4340 595.0 24.43 11,000 4.5 7.6  {3]
Al  Garrett R-32 4340 335.8  10.72 14,000 3.0 8.9 [3]
A1 Garrett USPS 4340 15.1 0.089 38,000 0.i34 8.9 [34]
A1  Garrett Pinto 4340 71.4 5.27 11,000 0.97 13.6 [3s]
A2  Rockwel! M'COM 4340 __ 1172.0 N/A N/A 30.0 25.8  [s]
A2 GE GEBus 4340 624.0 79.46 11,500 18.0 25.6 [7]
A2 MAN MAN-1 4340  226.0 6.84 12,000 1.5 8.8 [17]
Bl GE GED saL 10.8 0.208 24,600 0.19 17.9 [37)
B1 - OV s2L-19  S2L 10.5 0.277 23,082 0.23 21.3 [8]
B2 Rockwell IPACS N/A 27.2 0.89% 35,000 nes  81.7 [35]
B2 Fokker N/A E-glaas _ 17.0 0.450 28,200 0.47 27.8 [9]
. 1o ©OFWI-1 SMC/C 40.9 1.78 19,100 0.89 24.2 [10]
c1 o FW2-1 52L/C 34.4 1.41 25,000 1.34 39.0 [10]
C1 GE GE-F saL/c 10.1 0.192 27,300 0.218 21.8 [37]
€2 Brobeck GFE Kev 5%.8 2.92 32,725 4.95 88.7 [38]
€2 Garrett G-3 C/Kev 10.1 0482 23,840 0.410 40.8 [12]
D1 Garrett NTEV Al /Kev 22.7 2.57 18,000 1.0 44.0 [3s]
D1 oU F#3—1 Al/s2/C 37.8 1.89 21,900 1.38 38.5 [10]
OV Gerrett EPPV Al/Kev . 20.6 1.05 25,000 1.0 48.5 [2]
D1 Garrett ESU Al /Kev 6.8 0.093 42,000 0.250 37.8 [39]

Legand: 4340

ASTM 4340 Steel

s2L ~ S2-glagss lominate

SMC/C - SMC hub, carbon ring

Kev - Kevlar

C/Kev — Carbon hub, Keviar ring

Al/52/C — Aluminum hub, S2~glass inner, carbon outer rings

Density ~ Energy density {(Watt-hours/kilogram)
N/A Not avallable

1.3.3 Flywheel Dynamics
The first published model derived specificaly for, and tested against, a flywheel

pendulously suspended from a flexible qui shaft is that of Thomson et al [41]

This two—degrees—of-freedom model represents an hbrovement over -that of
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. forced to conform with test data by varying the “effective shaft length".

13
an earfer model by Den Hartog [42] in that the upper end of the shaft is
treated as flexibly mounted whie Den Hartog's is rigidy clamped.

The obje;:t of Thomson's model was to.predict speeds at .wl'ich forward
or retrograde whiring modes would be excited These were compared with a
number of tests with “substantial agreement”.

The governing equabOn for the two—degree model /mat was used in the
Den Hartog/Themson scheme was coded at the University of Ottawa by

‘McRae [43] with shaft length as parameter, and was used to getern'ime the

length of quil shaft that would best avoid whirl resonances for a particular
rotor. ' : ‘

More complex models were developed by Bert and Ramunujam during the
US MEST program [44] The first modei comprises a massless shaft connecting
four un.xpe‘:‘d‘,\masses, three with two degrees of freedom and the fourth with
one, for a total of slavan. The second model substitutes a distrbuted-mass
(so-called Euler beam) shaft for the massless shaft and becomes a combined
distributed/umped paramater model with an nfiite number of degrees of
freedom.‘ These models were coded and yf it and without for{:a‘ng func-
tions for several actual rotor designs. Oriy one se(( of data was avadable for

comparison with the model and was in good ag'et;r\pent. Additional data are

-

needed to test the accuracy of these models. \ ;

f\nother variation on the modefing of Den Hartog!'momson is that of Olsz—
ewskl [381 @ this case, the model was used to precict whirl maps for each
rotor tested at the Union Carbide Oak Ridga_ Laboratory in order to predct
first critical speeds and other possble resonance points. The model was

%
[ -
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1.4 Thesis Overview
" A background of flywheel research in general has been gven The thesis
objectives have been descrbed\and a pertinent review of the iterature given _

In the folowing chapters, detais of‘STF deveicpment - and spin tests ark
described - Chapter | is devoted excusively to the development of the Spi-
Test Facﬁtg, whie Chapter B describes the evolution of the Faciity's test pro-
cedures. - .' .

The 100-Wh and 1-kWh rotor fest r‘éports n Ghapter's IV and V, respoc- -
tively. are al s'trﬁc}ured n the folowing ma.merr\ :
, 1.‘ introduction o
2. Procedure 4
3.  Results and Discussion l‘/‘ﬁ\~

Frequently, the Introduction is cormnmon to sav;'al experiments and includes
a description of the purpose and scope of the investigation, as wel as rts
most signiiicant cutcome. The Procedure section states the general outine of
the performance of the test and describes any special measurement methods
or apparatus used The final sectlon Results and Discussion, gives the results
in tabular or graphical form with an estmata of exp_eq.nent_al error, and a’
comparison of {he results with theoretical values and/or relevant results of
other investigators. Attention is also drawn to any pertinent imitations.

A general summary of al tests and conclusions drawn therefrom is given in
Chapter V1 ' |

-~ L3
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Chapte rth

-SPIN-TEST LABORATORY
: r

r

This chapter describes the léb&rafory (Spin-Test Facity or STF) that was

developed\by the author n order ‘to perform both destructive ahd._non;:ies_ .
tructive tests with high-energy-density, fber-composite rotors and ther ¢ m .
ponents, and to perform material ultimate-strength measurements.” The facﬁ‘t):.r. -
is the only one of its knd and capabiity in Canada and is unique, with-respect.'
to some aspects of its design and objecthre?,/h comparison with the few sim-
lar laboratories in North America Before descrbing the laboratory, an over
view of its development and integration '\ﬁto the Energy-Storage Rotor Pro-

gram is in order.

2.1 STF Development and ESR Program Overview

2.1.1 The Flywheel Project, 1979-83
The University of Ottawa Flywheel Project began with a 1980 National
Research of Canada (NRC} contract to assess 1.0-kWh (usable energy
with a  2:1 ed range) Wgy—dasity ﬂ:a--conpésito rotor designs and
to deyelép a éorresponchg manufacturing and materials data bﬁse [22,45]
Coincidentally, instalation of a spin-test chamber began modestly [46] with Nat-
ural Sciences and Engineering and Research Councl (NSERC) support.

\Du:ng the next two years, as a flament-winding and composite—materials
testing laborafory was being estabished, Sbh—Test Faciity developmer:t. contin~
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ued with the instalation of the orignal ar turbine and drive shaft [47] and the
-adcition of steei containment rngs and rudimentary monitoring equipment [43]
As the STF matured, spn tesf.hg began with isotropic materials (plexigias) to
prove the system, and contnuéd with vanous other tests [43]

The plexiglas tests were -generaly successful in that faiure speeds were

sufficiently predictable to vefify"com'noriy—used stress equations. The results

of these tests are summarized in Table 2.1, where the fakue Stress in each =

case fals within the Emits of 48.3 - 758 MPa gven for methyimethacrylate in
the CRC Handbook [48] The drive system, however, was prone to misafign—
r..nent.becaus; of its length (see Figure 2..1), usua.l)'/ resulting in high-speed
resonances. Coupled with the lack of both external damping in the drive sys-
tem and an in—house balancing capabiity, these problems made successful spin
tests something of a random exercise. h the end, the high speeds required
for the longitudinal failure of radialy-thin, smal-diameter composite rings proved
unattainable due to system 'resonances. and larger—diameter rings could not be
driven to falure because of rotor imbalance.

By 1983, the STF had reached the levd of development described in refer-
ence [49], as summarized below:

« VACUUM TEST CHAMBER -

A turbine/drive shaft assembly mounted verticaly n a 1.0-m-diameter
by 1.5-m-¥ng tank with a heavy welded—n support structure for mid
steel containment rings [43] and a verticaly-hinged, front—closing door. The
chamber colld be evacuated to ‘100 miTorr by a single two-stage
mechanical pump n an hour.
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Table 2.1: Summary of Eariy: Plexiglass Tests

. Spin-test results for plexiglass disks of three different diameters, based on eq
- {1) of Chapter 4 with r = 20.7 mm, v = 0.25, and p = 1190 kg/m?."

Qutaide Axial ~ Fallure iﬁtlmqle

Diomater Thickness Speed Stress

(em) (em) (rpm) (MPa)

30.48 0.85 - + 15,930 61.8

. 14,450 50.9

12,830 401

T 16,000 62.4

3 _ . 15,150 55.9
’ 18,980 70.1
17.78 0.95 20,190 69.3

27,220 60.3

24,140 47 .4

, 25,340 52.2

26,830 58.5%

23,990 45.8

26.27 2.54 17,950 58.2

- 16,790 50.9

Note: the ultimote stress is the stress at failure speed at
the hole radius, calculated with aq. (1), poge 70, and
then multiplied by two (maximum hole effect),

)
7

o INSTRUMENTATION AND CONTROL

An electro-pneumatic throttle for‘ acceleration and a simple solenocid
valve for braking. ‘- ' ' *
© A- turbine tachometer for rotor speed, averaged over ona second, to
within 20 pm : 1‘.'

A video cassette recorder for recordng ths tachometer display, the :
rotor image and control-room’andchambér audo.
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Figure 2.1: Orignal Turbine Instalation. Legend (1) turbine, (2) main housing,
(3) centering column, (4) turbine shaft, (5) drive shaft, (6) flexible
housing, (7) bearings, (8) mist ubrication port, (9) bearing preload
spongs, (10) turbine wel, (11) i seal, {12) cooling—fin colar, (13)
cool-ar port, {14) exhaust ports, and (15) thermocouple ports.

. TESTING e

During the 1981-83 pericd, 60 spin tests, broken down by type in
Table 2.2, were carried out.

The buk of these tests (32) were ultmate-speed {or burst) tests to
measure falure stress in plexigas (methyimethacrylate) disks and rings of
different dimensions. The objectives of these tests were to gain test
experience, to verify stress theory, and to test the system's apity to

produce consistent results.
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Table 2.2: Summary of Early Spin Tests by Type

~ Rotor Type Maga#lcl Dicmeter Objective No. of
(em) Tests
§.%—m disk Plexiglas 30.48 Burst 17
9.5-mm disk _Plexiglos 17.78 Burst 7
2.54—cm disk Plexiglas 26.67 Bugst 2
‘ 6.4-mm ring  Plexiglas 12.07 . Burst 6
Simulator(1)}  Plexi/Al 13.97 ‘—__Hynamics 3
Star-Hub Aluminum 28.67 Dynomics 4
Bar-=Hub ‘ E~glass 55.88 Burst S
2.54-cm disk Nyion 26.67 Dynamics 16

Notes: (1)} The simulator was an aluminum ond plexiglas comb-
ination simulating the sfar-hub rotor’s mass ond
inertia.

Fiire 22: Early Test Rotors. Counter—clockwise from the top left: 30-cm
plexiglas disk, star-hub with carbon ring, square-hub with plexiglas
rng, and bar-hub with E-glass ring. The scale rule is 15 cm. ’

The remainder of these tests included ring/bar—hub -tests, attempts to
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fal a 55.9-cm-dameter E-glass ring on an E-glass bar- hub; star-hub tests,
precursors to tests n which 25.7-cm—diameter thh carbon rings were to
be faled crcumferentialy on these hubs (see Figure 2.2 on page 19); and
others, such as the simulator series, which unintentionaly demonstrated the

system's deficiencies at higher speeds.

2.1.2 Rescarch Period, 1983-85

« FACLITY DEVELOPMENT {OBJECTIVE 1)

Fueled with NRC Phase | contract funchg and contirued NSERC support,
STF redesign and monitoring-system nst&labon became a pri'nary program
objective during this period Most of the drive difficulties discussed -above
were eﬁnﬁa?éd"‘@‘ﬂﬁ anair -turtine 'th;a:—nh'mized ‘the occurrence of reso—
nances_by reduc:ng the number of coupings to oné and by shmkhg the
overall drive Iength. Although the extemal shaft damper on tHs um qulat-
ened expected resonances, it unexpectedy produced another form of
resonance (ol whip) that was tolerable once it was understood The new
drive system not only smpified spin-testiig operations, but in combination
with advanced instrumentation and the abity to d)ma.mcaly balance rotors,
it ensured that falure stressss could be confidently attrbuted to sphn
motion alone, as opposed to a combiation of spinning and whiring®

To eliminate the risk of ar-induced vibrations, an improved vacuum sys-
tem was installed in the form of a mecharical%punp-backed Roots blower. .
This improved the pumping rate as wel as the tank ultimate ;aressure. ‘

improvements i the STF's capabiity for safely spinihg rotors at high
speeds would have been incomplete without the means of measuwring and

N recordng ther motions. This was accompished with a monitoring system

S Whiring is the motion of the spin axis about its undeflected position.
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based on non—contacting, eddy-current proximity transducers. .
Finally, n support of high-speed spin testing, an in-house rotor balancing
.capability was developed [50,51]
SPN _TESTS. (OBJECTIVES 2, 3, & 4)

As STF improvements were ncorporated, spin tests of smal isotropic {alu-
o) system-cémissiorhg rotors were conducted to test system capai‘
biities and methods of mating components [52] During this time, two sim-
ulators (smal test rotors) were spun regularfy to ther maximum speed in
order to test rotor balance and to observe system dynamics.

| When the STF was declared operational, tha first material teét wa'/s car-

ried out: an ultimate-speed (burst) test of a sheet moidng compound (SMC)’

hub, later verified by .o second ESMc test An ‘altemative composite—hub
material, an S2-glass laminate lay-up, was simlarly tested As wi be
described in detal later, the first of the laminated hubs did nof fal because
the material was much stronger than expected, placing its falure speed
wel outside of the turbine’s speed range. A subsequent test, with a hub
weakened by a central hole to reduce its falure speed, was successful

A prototype composite—hub rotor {E/XAS carbon rng on an SMC hub)
was buit so that the ring would fai transversely to the fber drection,
that is, the ring was made sufficiently thick so that it woud fai radially
whie the stresses in the hub, hub attachment. and in the ring crcumferen—
tial direction were st wel below faiure levels Considered to be the most
important of al program tests, the objective of the ring-radial-strength
(RRS) rotor test was to evaluate overal rotor design, incuding flament
whc?ag technology; resicual, interfacial-pressure, and inertial stress analyses;
rotor-component compatbiity; assembty; and al test procedures devek;ﬁed
prior to this test
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The flex—rim attachment (FRA)? was impicitly tested during each of
these experiments, the test being to detect any rotor motion that could be

‘blamed” on the FRA, and to watch for any sign of hco?i:atbity betwsaen
the FRA and the hub.

A second set of tests under Objective Z° was perf)ormed to determine

the ntrinsic stabiity of two metal-hub rotor designs. These were conduct-

ed with flexible—rim hub (FRH) and spring-spoke hub (SSH) prototypbs, first

with single S2-glass rings and later with blarrular S2—glass and EfXAS car-

bon rings.
=r

Fnaly, four ful-scale preproduction-prototype, 1-kWh ESRs were bult

and three of these were tested to ther maximum operating speeds to

. -
observe and record rotor response. These rotors are identified as follows:

" FWI1-1: SMC disk hub, bolted shaft attachment, and E/XAS carbon ring
FW2-1: S2-glass laminate hub, bofted shaft attachment, and~E/XAS
carbgp nng ‘ \

_ FW3-1: flexible-rim hub, biannular S2-glass — E/}i'AS—carbon r'ngs~
_  FW3-2: flexible-rim hub, biannular S2-glass - ElXAS—-carbon rings
FW3-3: flaxible-rim hub, biannular S2—glass ~ E/XAS—carbon rings
_ FW4-1: spring-spoke hub, biannular S2-glass — E/XAS—carbon rings
RESEARCH RESULTS

The redesagned and reequped Spin-Test Facility met al expectations for
carrying out the plamed rasearch, The ultimate-speed (burst) tests of

composite—-hub materials provided the requisite ulﬁ-n%strangth data for
the désig'n of composite-hub flywheels.

7TheboltpohtsontheFRAaredesigwodtomoveradalyMﬁ1ﬁ\ecompos—

ite hub as centrifugal forces cause radial deformation in both, thereby main-
tanwgradia]conpatbityofﬂnbotthobshboﬂwconponentsoverﬁm
rotor's speed range.

»
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The fiexdie-rim attachment concept was proven, as was the unprece-
dented through-driing of composite hubs for the FRA boits, by virtus of
the fact that no resonances occurred that coukd be attrbuted to the
FRAs, and the fact that one of the FRAs withstood a stress level 265
times its design maximum by remaining intact, although yielding considerably.

The prototype metal-huib rotors were tasted wel be}md the maxmum
design speeds of ther ful-sze counterparts. Only an inadvertenty weak-
ened rng prevented the spring-spoke hub rotor *from reaching its 6ver—
speed Imit of 30,000 rpm, whie the FRH rotor attained its imit of 35,000
rpm on several occasions. '

Three of the four large rotors were tested to ther maximum design
speeds. Although FW3-1 suffered a radial falure in its carbon ring just as
it reachéd maxnngn it was rebuit, derated, and run successfuly to its
reduced maximum speed of 20,000 rpm several times. Subsequenﬂy,' a
_redesigned ring system was tested on the orignal FW3-1 hub and resulted
in an S2-glass ring fakure at 97% of design speed Sufficient vibration
data were colected to show that the frst three rotor designs were intrin-
sically stable under dynamic condtions. FW4-1 had umcceptaply large

“radial runout and tit, making it impossible to balance for high-speed testing.

2.2 Spin-Test Fadlity _

As an introduction to the detaled descrptton of the laboratory equipmert in
the following section, this section gives the layout of the faciity and a system
overview. |
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2.2.1 Laboratory Layout

The layout of the laboratory is shown in Figuwre 2.3, where the following detais

are emphasized:

1.

-

The controt room is separated from the chamber room by acoustic insu-
lation.
The chamber itself is below the control-room level

Although the gradual changeover to in situ balancing has been complsted,

the vertical-axis balance rig is conveniently located for special balance

)l

procedures or experiments [50]..
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A gantry for kfting rotors or other heavy objects, including the chamber
itself, is permanently iocated n the chamber room
The ful-flow ventiation system has been sealed off and a wal-heater
unit and ceing fan instaled to mantain constant temperature in the
chamber area. . |
The control room doubles as an office with the control console to one
sida. N ‘.
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222 Control Room and Test Chamber ‘ |
The .main pieces of equipment in the laboratory are shown in Figure 2.4. Fig-
ure 25 is el schematic presentation of the various elemeﬁts of the laboratory

and their ‘interrelationship.

Figure, 2.4: Control and Chamber Rooms. Top: control room; bottom: cham-

ber.
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2.2.2.1 Equipment List

L3
1. CHAMBER
Fabricated‘ in-house from a 76-cm °section of 1.2-m-diameter, -
v 16-mm-thick A285 steel, the vacuum chamber has a welded rear éﬁd'—

cap and a flanged front door, both being dished to withstand external
-

pressure [45]
2. AR TURBINE R R
. - +

Barbour Stockwell 2702, ‘four—inch‘, bidirectional, impulse air turbine,

providing 10 hp and 26 ft-lb torque at 35,000 rpm when supp[_ied with

100-psig, 125-scfm air. Turbine air is exhausted outdoors via a cell-

exhaust system. This has the secondary benefit of quietening the tur-

" bine's operation significantly.

&
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DAMPER SUPPLY UNIT - | : -~

Barbour Stockwel SOL-124. This device crculates variable—pressure ol

to the ‘shaft—damper section of the turbine.

DAMPER PRESSURE CONTROLLER ’ . \ ‘ ¢

A modfication to the damper ‘supply enables the operator to adjust the
ol pressure from the control room. A mechanical pressure gauge on the’
SOL-124 unit is viewed from the control room via television

TURBINE THROTTLE VALVE

Valtek Mark Two, electric - fluidic control valve.
BRAKE VALVE

i =Y

. \

A solencid valve.. The flow of ar i the brake Ine is regulated by a
manually-cperated giobe vaJv’

MIST LUBRICATION UNIT . ¢

Norgren 13-203 Mist Lubricator. This device continualy bathes the tur-
bine bearings in a cool ol mist

DAMPER-OL THERMOCOUPLES

Analogic K-type thermocouples installed 'in the damper—oi inlet and outlet

ines.

-~

VACUM PUMPS

Edwards Hgh Vacuum EH250 Roots blower and E2M18 two-stage
rotary-vane pump. '

VACUUM_GAUGES )

Granvlle-Phllps 275 Prani gauge and Vacuum General CMT 80-68 capa-

citance manometer.
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12.

13.

14.

15.

16.

17.

18.

18.

20.

29
PRESSURE CONTROLLER

Vacuum General 80-1 controler and 79-6A magneticaly—actiated pro-
portionng vaive. \

TRACKING FLTER .
Bently Nevada DVF2; Series 9000 proximity transducer system
VBRATION MONTOR | T

. Bently Nevada 9000 Series monitor with two dual vbration monitor cards
{four channels), power supply and annunciator. relays. s

° OSCILLOSCOPE

Tektronix Si 11A storage osclloscope with SA20N differential amp[iﬁer,-
SA15N amplfier, and 5B10N time base. Tektronix C5C camera.

TELEVISION MONITORS - | «

-

. Hlectrohome EVM1719 (17 inch) and RCA TC1109°(9 inch).

TELEVISION CAMERAS

Two Sony AVC 3200 and one RCA TC 2000.

VIDEQ RECORDERS

Sony SL-5800 and SL2300 video cassette recorders.
VIDEQ MXER |

Vivcon Industries V27SP hserter/Spitter.

AUDIO MIXER

Sony MX-510. | .
SIGNAL ANALYZER

Ono Sokki CF-920 mini-FFT analyzer.
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21. ROTOR-TEMPERATURE SENSOR
rcon nc. Modine 8000 Series infrared sensor, range 20 — 200 degreses C.
22. ROTOR LLUMNATION

Bruel and Kjaer Type 4911 Motion Analyzer with two lamps.

o

23. CHART RECORDERS

NEC San-Ei 8K26 - six—channel, thermal pen Gould 2400 four—channe|,
thermal pen, two‘ thermocouple ampfifiers.

¥

24. TURBNE CONTROLS

Barbour Stockwel 107-B Tachometer and 105-E Speed Control
25. COMPUTER 5 |
CAMAC Sys-ter-n with Digital LSl 11/23 microcomputer, LeCroy 8212 Digi-.
tizer, Kinetic Systems 3080 8-bit output regster, Wnch@ter 16.5-M hard
disk. Intermediate HP-1000 L Series Model 5 minicomputer. |
28. TERMINAL

TeleVideo 925 terminal

2.2.3 - System Overview
A systematic approach is taken to descrbe ‘the "operation of the Spin-Test
 Faciity which is represented by the functional block ciag"am in Figure 26.
Within the chamber system there are the means for sustaining a moder—
ately high vacuum; for containing rotor fragrmnt;: for accessing opﬁcéi. infra-
red, and electrical signals; and for supporting the drive system
The drive system, défged to include ':he turbine and rotor, 'ntetfaceé with
the audio—visual monitoring sysiem, the vbration monitoring system, and the
vacuum system. By means of the audio-visual system, the operator sees and
manually controls the rotor spead [|f agpitude Imits are exceeded, the vibra-

tion system can be enabled to shut down the drive system. This also apples
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Vibration System

Cor;nputlr System - Chamber System
- System
|
- - 1
| | N —_—
Audio-VYiaual | Vocuum
System L — <« — — Ssystem

Figure 2.6: Functional Block Diagram of STF. The broken nes denote future
capabiities. . The arrows "ndicate data or control flows.

/

to the vacuum system if the pressure in the chamber rises above a preset
level Fnaly, the computer system supports software for cycic (on—off) con-
trol of the turbine and vibration, speed, and" time data logging.

The vacuum system maintains chamber pressure, feeds back pressure data,
and maintains pre;et chamber pressuwre levels when required

The computer systém, comprising local ‘and mainframe corrputeré stores"
vbratron data {and has the capabiity of storng temperatura ‘and vacuum data
as weﬂ) whie the temperature-monitoring system remotely senses the rotor's
temperature,

The vbration-monitoring system, in addtion to logging and analyzing vibration
data, interfaces with the atdio-visual system by means of the video recording
of the rotor, ;/bration parameters, and osclloscope waveforms.
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2.3 Laboratory Equipment and Specifications

) \\
2.3.1 Chamber System :

Figure 2.7 flustrates the princpal features of the chamber..
/ '
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: Figure 2.7: Chamber

The spin chamber has a volume of approximately 3 cubic meters. [Its four

beam legs are solidly anchored with 2.5-cm studs welded to steel plates
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imbedded in the concrete floor which, in tum, is vbrationisolated from the

buicing. ﬂssandwomgsystamconstanssph—ammbontowrt}monenwte

~of arc, makngrtumecessarytorelevdﬂweturbneeachtmeﬂwedoorns

LI

opened,

The chamber has seven optical viewports with plexigas windows used for
up to two televxs:on cameras and two strobs lamps at one- tima. A calkium
flucride port is used for the infrared sensor port The proxdmity trz;nsducers
communicate to the chamber exterior via instrument feedﬂroug'é screwed into
an aluminum plate which in turn is bolted to the rear wal of the tubine box.

Al windows, the vacuum feedthrough plate, and the door are sealed with

O-rings. The turbine is bolted to a honi':ontaj 5-¢cm-thick steel plate that

forms the floor of the box-kke chamber modfication that was required in

.order to accommodate it it sealed to this plate with ordinary gasket
‘material that pormits leveling of tha turbine by adjsting the nuts on four

mounting studs. The twbine has an integral rotating shaft seal that is either a
rubber ip seal for destructive tests, or a carbon—face seal for nondestructive
tests. The remaining chamber openings are: two purge ports, three vacuum—
gauge ports, and the outlet port to the vacuum pumps. |

inside the chamber, 20-mm-thick curved, mid-steel contai';ment plates are
supported by a weided—in structure that is visble in Figure 2.8. The lower
portion of the integral containment support has . 13-mm catcher plate bolted
to.it This plate supports the lower catcher and the lower transducer support
{Figure 2.8). ‘I'he,{upper catcher and the transcucer support are bdteq to the
bottom of the turbine plate.

The catcher system prevents the rotor from'. contacting the transducers

during ‘mid” excursions and saves the rotor and chamber in the event of

“

e
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Figure 2.8: Catcher and Transducer Instalation The lower catcher is boited
to the catcher plate which is fastened to the lower containment
support . The upper containment support is visble behind the
upper catcher.

'extr\eme" rotor excursions. On several occasions, smal and large rotors have
contacted the catcher(s) with no damage resultng because the event occurred
at low speed During one rigﬁ—_spee;d, smalrotor test involving only the upper
catcher and transducers, rotor contact did destroy the probes but the catcher
imited the excursion and saved the rotor. During test FW3-1/1, an imbalance
in the large rotor brought it intoscontact with the catchers, destroying the
transducers and eventualy break'ng the shaft The catcher system in this case
saved the rotor with a few superficial gouges in the hub and. more mpor-

tantly prevented major damage to the chamber rtself 5




35
2.3.2 Drive System

Experience with ‘the ‘orignal drive system dictated that its successor incorpo-
rate external shaft damping and have as few coupings as possble. The
Barbour Stockwel 2702, four-inch, bidrectional, impulse air turbine (Figure 2.9)
satisfies these; requrements. In order to aMte the shaft—-damping sys-
’ tem, the spindle {or quil) shaft mounts inside the turbine rotor; thus reducing

the overal axial length of the drive system and einnatng al but one couping.

- - sl B o]

Figure 29: Four—inch Bidrectional Turbine Section

Thehorizonta]S—anphtaﬂutfom\sﬂweﬁoorofﬁwemrbhewelsupports
the turbine and contains three viewports To faciitate removal and replace-
ment of the turbine, stdds' rather than bolts are uso;{-:,to secure the turbine
apd quick—disconnect coupings are used for ar and of 4nes. Mobi DTE797 of

or equivalent is suppied to and scavenged from the .shaft damper by .a. Barb-
. l' - .

>
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Turbine Instalation. One of the two viewports to the left of the
twbine has a strobe lamp on it The R sensor is to the right
in order to fit this turbine to the chamber, the old (circular) tur-
bine wel was cut out and a new one, resembling a box, was
welded in its place (Figure 2.7 .on page 32). : .

our Stockwel SCL-124 hydraulic system. The supply ol prassuré is remotely

gdjustable with a battery—po?ﬂered d& motor-drivedi valve, This. arfangement

was instaled because of the redtxianmt to be able to increase damping

quickly whie going -through a critical speed and to decrease it when not

required, to mMze the ol resonant whip effect. Thermocouples are instaled

in the damper—oi inlet and outlet hes_as close as possble to the twbine dam-

per pody in order to record the temperature rise of the ol as it passes

-
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through the damper. Drya.i’mppled-totheturb'mbyaCanadanA'r
Compressor Arscrew Model 8 compressor at 100 psig and 125 scfm located
hﬁ\eColoneIByBuichg.approx'r_natdy 150 m from the-turbine. It is carmed
by a S-Q'n—ciamtarpbe,-and passes through a Balston compressed ar fiter
beforeenterhgt_heturbhe.

Figure 2.11: Valtek Unit. The turbine throttie valve is flanked by the mist
_ ubricator (L) and two solencid valves (R). The upper solenoid
valve, just to the left of a gobe valve, is the.brake valve; the.

lower one i3 the main drive ar cutoff vaive.

Ar to the turbine is reguated by a Valtek Mark Two,: electric-pneumatic
éqntrol vaive (Figure 2.11). This proportioning valve is controled by a poten—
tiometer (throttle) on the turbine control panel (Figurs 2.12). The Barbour
Stockwel 105-E speed controler operates h a govérned or ungoverned mode,
the governed speed being set on a thumbwheel selector as a percent of the
turbine’s maximum safe speed The box in the upper left comer of Figure
212 is the Barbour Stockwel 107-B Tachometer and Overspeed Control which ~

contains a relay for shutting down supply ar when the set speed is reached.
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Figure 2.12: Tuwrbine Panel The turbine tachometer and overspeed trip con-

trol box occupies the laft half of the tuwbine panel The turbihe

throttle is the potentiometer on the right The motion analyzer
controfler is below.

A solenoid switch and manualy-adjusted gobs valve control brake ar Sup-
ply. A main drive solenoid cutoff varv; is intarconnected mth the vacuum
pressure gauge and vibration monitor in order to shut down the turbine if
pressure and 'ampitude kmnits afa exceeded Thasa features were instaled to
permit Qnattended Opei-ation of the system.

The brake and drive ar sclenoids are nterconnected such that éelecting
‘brake* turns off the n\'san drive solencid, and vice versa, as shown in Figure

2.13, the schematic of the interconnect system
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Figure 2.13: Interconnect Wiring Diagram

2.3.3 Vacuum System

|
] [

Purge 110, -

Isolation 110

Figure 2.14: Schematic of Vacuum System. Legenct (F) fiter, (V) electropneu-
matic vaive, (B} Roots blower, (RV) rotary-vane pump, {G1) Pirani
sensor, (G2) capacitance manometer, (D1) Prani dsplay, (D2)
manometer display, (PC) pressure controler, (P) proportioning
valve, (S} solenold valve, (M} manual valve, (R) pressure regulator,
and (N2} compressed nitrogen.
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Figure 2.15: Vacuum-Pump hstalatm . Bottom to top: two-stage rotary
pump, Roots biower, pneumatic valve, and inlet trap.
| The complete vacuum system .is shown schematicaly in Figuwe 2.14 on- page
33, An Edwards High Vacuum Roots blower (EH250), backed by an Edwards|
E2M18 two-stage, rotary-vane pump {Figure 2.15) and comnected to the
chamber via an Edwards 1?1'100 nlet trap and a Varian 1252 pneumatic valve,
produces a ‘t'ank presswe of 30 miliTorr in 20 minutes. The path between
the chamber and pumps was made as short and straight as possbb n accor-
dance with g'ood vacuum practice,
The ultimate system pressure, with al leaks wm'm the means c;f the author

to repair sealed and the yacuum gauge calbrated, is 20 miiTorr. This pres—
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sure is attributed to' pumping intatrons to residual smal real leaks, to vrtual

leaks {outgassing from crevasses, paint, ol, and composite materials), and to

shaft-seal leakage. . This ultimate pressure is reached after one hour of pump-

ing time.

2.3.3.2 Gauges and Pressure Controller

The less accurate but ful-range (atmosphere to tank ultimate) gauge used is a
Gr'ami‘m.e-'-f?’rump's 275 Prani type. A more sensitive Vacuum General CMT 80-68B
capacitance lmanon;weter provides accurate pressure data from 1 Torr down to
the tank ultimate. Moreover, this gauge suppies a signal to the Vacuum Gen-
eral 80-1 pressure controler which, in tum, operates a 79-6A magnetically-

actuated proportioning valve to maintain chamber pressure at a preset level

As dustrated n- Figure 2.14 on page 39, the pressure transducers are posi-

ticned as far aé possible from the pump cutlet.

The two reasons for instafing the pressure controler were: t0 mamntain a
tank pressure above ultimate by bleeding in nitrogen, thus .ensur'ng a nonexplo-
sive atmosphere, and to meawé aerodyrmrrﬁ drag and heating effects at

different chamber pressures.

The vacuum gauge displays, pressure controler, and pump controls are
shown m Figure 2.16.

.ot



Figure 2.16: Vacuum Control Panel Left to right pressure controler, Vacuum

General and Granvile-Phifips displays. The displays have banana-
plug receptacies beneath them

N

2.3.3.3 Nitrogcn—Pufgi_ng System
The graphite—oxygen mixture resulting from a carbon—ring faiure is poter;tiaﬁy
explosive. To minimize the possibi},y .:;f explosion, nitrogen is bled 'ntc;n the
chamber, by means of the proportioning v‘arve, for one hour prior 1o test

The chamber can be rapidy brought to atmospheric pressure by means of
the 1.9-cm ﬁné between the nitrogen bottles and the chamber shown schemat- .

ically in Figure 2.14 on page 39.

2.3.3.4 Vibration Monitoring System

Figure 2.17 is a schematic represenfation of the viration monitoring and data

acquisition system .
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Figure 2.17: Vbration-Monitoring and Data-Acquisition System Schematic

« MONTORNG SYSTEM

A Bently Nevada 9000 Series system comprising a réck, power supply,
relay modules, cﬁs}gzlay module, and two dualchannel monrtors is located in
the control console above the DVF2 (Figure 2.18). This unit powers the
displacement transducers, monitors ther concitioﬁ, displays unfitered ampl-
tudes, generates dc voltages proportional to the unfitered ampltudes, and
activates htet:iock or annunciator relays according to preset alert or dan-
ger levels. |
The displacement transducer instalation is shown in Figuwre 2.19.
« TRACKNG FLTER

A Bently Nevada DVF2 (Digital Vector Fiter, Two—Channel), shown in Figure
2.18, fiters the vibration signals from transducers in planes 2.5 cm above
and below the rotor, with either a 120—rpm or 12—rpm bandpass, and dis-
plays fitered, unfitered, or notch anpitudes phase anges, and rpm.  The
DVF2 accepts dsplacement, velocity, and acceleration inputs, and displays



Figure 2.18:

. i

Right Console. Top: vibratioh monitor crate. Center: DVF2.
Bottom: oscioscope. The test/date plate and time of day clock

are in the center.
amplitude units n Engish {mis) or metric (micrometers). It also produces
proportional dc rpm, fitered ampitude, and phase ange voltages.

Since it is essential to maintain a fixed phase reference for rotor bal-
ancing, the tming signal for the DVFé is derived, via a thrd transducer,
from a notch in the upper, narrow section of‘the arbor. I the early
phases of STF development, akuminum tape was used nstead of a notch
but this practice was abandoned because it did rnot produce a pulse large
enough to be ‘cist’ngl.xisi')ed from the sinusocidal rotor—motion signal that was
also being seen by the DVF2 timing crcuit eg., during whirdng caused by of
resonance. mearborti'rhgpt.dsewasalsousodtoﬁ-etjmmoﬁt;r;—

analyzer strobe lamps, but was later replaced with a signal derived from
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Figure 2.19: Displacement-Transducer hnstalation One of the two upper-
‘ plane orthogonaly-mounted transducers. ' The nominal probe gap

is 1.10 ram Notetheuppercatdwerandﬂwbtmrshedtarget,-
surface. The rotor is FW4-1. The tming notch is just visble

above the catcher.
the sux—pu!se—per-revoiutlon turbine tachometar by means of a ciwde-by-
Six crcu:t.a“ TBS was instaled in order to have a square, once-per—
revolution timing signal free of any noise.

Any rotor operating at a IO\:I speed (100 rpm) exhbits an apparent
ampltude and phase angle due to shaft bow, misaighment, tolerance buid
up, and electrical noise. The DVF2 has an internal compensatory crouit to
rnul this Busory motion, a.t.-low speed, in order to produce a more accu-—

rate representation of the rotor's actual displacement and phase angle at
higher. speeads.

i

8 Courtesy of Ben Carrara and Moharrmed Master, Department of Blectrical
Engineering, University of Ottawa. -



SIGNAL ANALYZER

An Ono Sokki CF-920 mini FFT is used to a;myz_o and store vbration
spectra, n two channels, during tests. This device stores 30 records in
actxve memory and 130 records per floppy disk. Data are stored drectly
onto disk at frequent intervals (200 rpm) during tests. The low accelera-
tion rate requred for this is quite compatble with the Iow—acceleratxon—
rate strategy employéd for most tests, Whie data are being recordéd,
the FFT CRT displays spectsd” for both channels, in near real tme, providng
additional ,da_ta for decigion making.

.Post—test, stored data are down-oaded to the Amdahl mainframe by
means of the HP1000 rririco.mputer for plotting, atthough intermediate plots
are obtanable with a Graphtec WX4731 plotter connected drectly to the '
Ono Sokki | /

CHART RECORDERS :

~

The primary chart recorder, an NEC SanE 8K20, six-channel, thermal-pen
* device, is located centraly in the @brnent rack (Figure 2.20) and is ‘usad
~ to record unfitered and fitered ampitudes, phase angles, and rotof speed.
A second chart recorder (Goukd 2400 four—channel, thermal-pen unit pro;
vides tw;a addition channels for analog recording of vbration signals and

. ' r
two thermocouple channels for damper—ol temperature measurement
OSCILLOSCOPES .

A Tektronix 5111A dual-channel, storage osclés;com th 5A15N nnbiﬂer,
5A20N cﬁffef.'_ential amplifier, and 5B10N time base is located below the‘
DVF2. i either dsplays the rotor's orbit in one . plane, or the sinuscidal
waveforms for both planes. In either case, the osclloscope CRT is included

n the video nsert (see below). I addtion, a Tektronix C5C camera may
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Figure 2.20: Center Console. The San-Ei chart recorder is located above the
turbine control panel
be used to record orbit or waveform images from the storage oscilo—

_scope.

23.4 Audio-Visual (AV) Monitoring. System .
Figure 221 gives a schematic répresentation ;of the A@Bystem components
and their functions. ' . ' . -

One Sony AVC 3200 camera is used to view the rotor and a second
views the DVF2 display and osclioscope CRT. The two views are combined
- by means of a Vivcon Ihdustries V27SP hserterlépitter. 'C'ontrol—room and
chamber audo are mixed with a Sony MX510 audo mixer and the resultant

audio/video recorded on videotape with a Sony SL-5800 VCR. ‘This recorder
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Figure 2.21: Audo-Visual System Schematic

excellent slow-motion and stop-frame features, enabing the gqualty stil pho-
tography shown in Figure 2.22. | ¥

A thrd camera (RCA TC 2000} with a rack-mounted vidicon tube is used
for macrophotography of rotors from the topside, vertical-axis viewport _ A
second VCR (Sony SLZ300) can be used for second-camera recordng.

Video images are viewed with an FElectrohome EVM1719, 17-inch monitor
with audio—amplifier option, mounted in the equipment rack and/or with a nine-
inch, RCA TC1108.

The rotor is fuminated by a par of strobe lamps controled by a Bruel and
Kjaer Type 4911 motion analyzer. This device not only “freezes’ rofor motion
but, with-phase controi, alows inspection of any part of the rotor n the cam-

era’s field The reference signal to the analyzer, as stated previously, Is
derived from the turbine tachometer.

*
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Video Monitor Display. A st photograph of FW?1 at 17,049
rpm on August 21, 1985, at 3:03 pm

235 T A

3. etpperature Monitor System

The rotor's temperature is remotely measured with an kcon Inc. Modine 8000
Series infrared sensor, as shown schematicaly in Figure 2.23. The sensor itself
(Figure 2.10 on page 36) is mounted on a column contaning primary and
backup calcium .ﬂuoride -w'rlwdows. These windows are virtually transparent in
“the seﬁsor‘s 7.75 to 8.05 micron spectral response region @ - o -,

The viewed area of the sensor is a 2.5-cm—damater spot, 20 to 30 cm
from the rotation axis. The sensor lens is located 50 c:n above the rotor and
has a temperature range of 20 to 200 degress C. Temperature is displayed

in analog form by the controler which also produces’ a proportional dc voltage
- for recording purposés.

(8
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Figure 2.23: Schematic’ of Rotor—Tenpératt.tre Measurement System.

2.3.6 Computer System

The §TF computer system is shown schematicaly in Figure 2.24. During high-
speed tests, the LeCroy 8212 dgitizer, controled by a Digital LSI 11/23 micro-
computer, digitizes analog fitered-ampitude, rpm, and phase data from the
DVF2 dc outputs and stores these on a Winchester hard disk. ‘Post-test,
these data are down-loaded to the Amdah roainframe. |

Control software is also avaiable’ for cycic testing of rotors. In this mode,
the microcomputer switches drive and brake solencids by rneans of a Kinetic
Systems ‘33080 eight-bit w@t register. ‘

The micro- and minicomputers are located in the adjacent Fuels Research
Laboratory and aécessed from the STF control room with a TeleVideo 925

terminal
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Figure 2.24: Schematic of Computer System

2‘.4 Summary

h this ch_apter, an overview of the Rotpr Project prior to the research period
for this ﬁesh has revealed th.at ‘the Spin-Test Faclty required a significant
upgrhdmghordertosupportﬂretesthgreqﬂ'odbyﬁ;eProjoct In spite of

- the deficiencies that centered on the drive and monitoring systems a substan-

-
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tial number of tests were run, producing useful data and nvalable operator

experience.

w
[ ]

The outine of the research period -was writ-ten in terms of the thesls
objectives which, briefly again, are: .
1.  STF development
2. ESR component tests
.3, Material-strength testsl
4, Large ESR performance tests _
In summary, STF development met or exceeded the Project requrements in
terms of speed, vbration-control, and data colection; a1 ESR component iests
and material-strength tests wer‘e carried _6ut successfuly; and al of the large
ESR tests were performed.‘ satisfactorly. However, one of the four rotor
designs was not tested to high speeds due to tit and ect;entridty mparted by
the hub. The minimal damage resulng from a 1.3-kWh-rotor fakure attests
both .to the soundness of the STF development and the safe-fakure—-mode
design philosophy adopted in the Project.‘ |

Finally, a detaled" edubment kst and systpm descriptibn were given to fami-
iarize the reade_ur with STF capabifities.’ Atthwgh not fuly. exploited by the
research for this thesis, the laboratgry‘ wil, as an on-going research faciity, be
utiized to its fulest, performing rotor drag and heatng cycic stressing, and
other eths n the future.



- Chapter I

-

GENERAL TEST PROCEDURES

" Necessariy, rotor-testing procedures evoived during the development of the .:
Spin-Test F.acﬁty. As new equipment was added, as higher rotor speeds were
attained, and as rotors grew n size and energy--storage capacity, procedures
were defned or redefired in order to maximize the amount of . information
extracted from each test, h this chapter, each aspect beamg on the proce—
dure for spin tastng a rotor is examned from manufacture, to assembly
mstal!atlon balancing, and finaly to tho spn test itsedf, |

.
-

3.1 Component Manufacture and Rotor Assembl yr
Whie the author particpated to some extent in ‘component manufacture and
rotor assembly, these activites were the prmary responsbility of.others in the
Project and are reported here as necessary background.

Rotor—design .phiosophy for this pProject, as speled out in reference [45]
was to buid a fber—composite rotor with the folow'ﬁg parameters:
1. Usable energy storage of 0.75 to 1.0 kWh with a 2:1 épe_aed ratio.
2 Maximum design speed of 25,000 rpom
3 Maximum ov:xtside diameter of 61 cm.
4. Swept volume of 0.025 cubic meters.
5 Mass of 30 to 32 kg

To meet these objectives, four rotor designs were selected from among
several dozen cancidates on the basis of percaivod stablity, cost, §pd manu—

- 53 -
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facturabiity 53] Rotor stabiity requires that interfacial pressure be main-
tained between hubs and rings, and between rings and rings. it also requres
that radialy ciating boited components ot produce intolerable: stress levels
throughout the speed range (compatbiity requirement). More attention wil be
givgn to this :s_t;bject in Chapter IV, but it is important to note here that these
design requir"_ements called for the highest precision maci'i'\hg.avaiat:)le n order
- to minimize tolerance buidup.

Rotor assembly tkewise called for stmgent procedures in order to reduce
misalignment betweergomponents tc a mnmum The way in which these
concerns were addressed is summarized in the folowing three generalzed
assembly histories.

1. COMPOSITE HUBS

The 100-Wh composite rotor (SMC or S2L) was a 27-cm—dameter by
2.5-cm~thick disk of material bolted to a single flex-rim attachment (FRA)
with four bolts. The FRA h tumn was attached to the arbor with four
‘screws. The arbor/FRA components and bolts were fabricated by an
"~ outside contractor. '

To center the FRA on the arbor, a shoukder was machined onto the
FRA and a corresponding depression htothearb} The holes in the hub
were Iocaté)d with a-<Jg and were driled n from both sides to prevent
hub delamination. Locktite (R) was used on weads and the FRA bolts
were tensioned sufficiently to compensate for the Polsson effect in the
hub. | \'.-.:

A 7.840-mm (nominal) qui shaft was fit nto the 8.174-mm {norhinal)
bore in the arbor and secured with three self-focking set screws. To

ensure minimum tit, the rotor was clamped in a four—jawed .chuck and
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the end of the shaft broudﬂ to zero deflection by adjusting the set
screws. Thns rotor was then ready for instalation in the test chamber.
METAL METAL HUBS C

-
s

The 100-Wh metal-hub rotors could not ‘be) tested to speed unsupport—
ed as the smaler FRA had been (T -1), nor-wa's‘it_desi-able to do
s0 because the behavwor of the ring on the'hu.b was an mportant part
of the test. Consequently, a 2.5-cm-thick S2—gdlass ring was thermally—fit

“onto the hub. &+

The arbor pierces the hub n this case, simpifying thB centering prob-
lem. For racial con’patbity, a ‘therrna] fit between hub and arbor was
also used wrth a short tepered section to faciitate removal of the
arbor. A large nut secured the thermalyfit arbor to the hub; an inter-
mediate Bellevile washer was used to_ mte for the Poisson eff_ect
in the hub and, again, Locktite (R) was appled to the threads.

For this rotor., concentricity depends upon machining accuracy which is
not a problem for the arbor as much as for the FRH itself. The FRH,
being machined on a numericaly—controled mil, presented special problems
becausethet}i\rimandspokes’canbeeaslydeﬂectedbyﬂmrnmhg
tool Thus, whis the hub outsids dameter and central borecoul}d_ be
made fairly concentric, the shape ancbocation of the quadrants are more
difficult to control, resulting in some off-specification thicknesses. -

TherhgorrhgswereﬁttedtoﬁvoFRHbycoohgﬁw‘mbhiquid .
nitrogen, the same technique used to fit arbor and hub togsther. The
hub and ringls) were set on paralel faces, whie the hub wa.rrﬁéd up, to
ensure no titing of the wmrespecttoﬂ\eh-xb. Prior io assembly,
al rings required machining of at least the outside diameter. |

i
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_ The spring-spoke hub (SSH) rotor 'a.ssembly s simlar to that of the .
FRH for the arbor and hub but, prior to¥that step, the hub itself is
assembled inside a ri'»g;(or rings). The procedure for instaling the spéng
spoke plates in the thermaly—fitted, grooved alumiwm inset ring for

SSH-1 is Bustrated n Figure 3.1. Once assambled, tha smal metal-hub

rotors are ready for instalation in the chamber.

Figure 3.1: Rotor SSH-1 Assembly. The SSH spoke plates, made from mar—
aging steel, then heat-treated, must be compressed as shown in
order to fit into the ring. )

3. LARGE ROTORS

+

The same principles apply to the assembly of the large rotors, but with
* one additional compicating feature. Because of the real possbiity {later
to becorﬁe a reality) that a large rotor could go out of balance and
break its shaft, saving the rotor and protecting the chamber was given

serious consideration.
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The smal rotors are constrained from ving more than 1 mm later-
aly -by an upper ca"*..,ner located just below the end of the quil shaft
The catcher comprises a bearing support and bearing with an inner race
giving 1.02-mm radial clearance to the arbor. This constraint is sufficient
to protect the transducers from light contacts by the arbor.

n addition to this system the large rotoc‘s.are esach equipped with a
lower fitting (termed & lower arbor) comprisng a second displacement
transducer target and conicall end piece\ ﬁ\.;t rotates with 1.127—mm
clearance inside the lower—catcher system

The additrbn of the lower arbor to the metal-hub rotors was no
problem, the components having matching centering shoulders and bores,
"but it did pose new problems for the composite hubs. h the latter
case, a second FRA is bolted to the lower arbor, which is then' boited to
the hub. Again, stud tension is set to compensate for the Poisson effect
' and al trrfaads are coated with Locktite (R). -

Whereas; the smal composite-hub rotors’ diameters and thicknesses
"are smal encugh that vanatlons in thickness are inconsequential, in the
large rotors, they are Qf ‘consequence. FW1-1 and FW2-1 required
shims between the FRA and hub to correct for tit between the arbor
and carbon ring. .

The axial thickness of the lra_rge composite—hub rotors and the use of
two FRAs also introduces possbiities for misalignment between ;..lppel“ and
lower arbors. Post-assembly ghchg of the arbors was experimented
with [51] as a means of eiminating the effect of misalgnment on the
rotor-monitoring syst proved unhecessary in the end, h-owever,
when the trackhg—ﬂtm for nuling out this type of artifact

were employed
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3.2 Rotor Installation

Prior to rotor instalation, the turbine damper is inspected for wear, and journal
bearings and seals replaced as necessary. . The turbine is then boited into
place and the verticaiity of its spin axis checked with a precision level The
threaded end of the quit shaft, which passes trrc.;ug'\ the seal, threg journal
bearings, and the turbine rotor bore, is poisi':ed with fine sandpaper and thor-
oughly cleaned to prevent jamming by metakic particles when inserted. The
wel-lubricated shaft is then secured to the turbie rotor with a self—locking
nut. -‘

As mentioned above, the smal rotors were always attached to the' shaft
before instalation. Fof the large rotors, this was not practical and the attach—
ment was made to the shaft after it had been instaled in the "turbine. This
was accomplished, as shown in Figure 3.2, by inflatihg an ihnec tube beneath
the rotor. With the rotor secured to the shaft by its set screws, the tube is
deflated and removed. The rotors tit is then checked and adjusted by vary-
ing the torque on the three set screws.

With the large rotor instaled, the lower catcher is bottod into position on
the catcher plate and ;1djusted for 1.27 mm of radal clearance with the lower
arbor. Fna]ly;.the lower transducer support is botted into position and gaps
adjusted to nommal values of 1.10 mm for the upper and 1.15 mm for the

lower transducers.
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Figure 32: Raising Large Rotors. FWd-1 rests on a partialy-infiated inner
' tubs. The rotor has another 5 cm to travel before the set
screws align with the groove n the qull shaft

3.3 Balancing

The 100-Wh rotors’ imbalance was determined usng a single—plane,
inﬂuence—coeffrcier;t method. Metaltape con'g_,ction weights were apphed fo
the inside of the metal hubs, and material was removed from the outer edge
of the composite—disk rot&s.

With the 1;kWh rotors, there is sufficlent balance-plane separation to per-—
mit application of moment correction weights. This requires that the static
imbalarce be removed first, using the static-couple derivation method which
averages data from both planes [51] With a pure moment imbalance remait-

ing. & demonstrated by the residus! ampitudes in the two planes ‘being equal’

and 180 degrees out of phese, a two-plans hfhenc&-ooefﬁcient method can

be used Moment correction weights in the form of brass or copper plugs

7

L

N
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gued into holes near the’ edge of the composite hub and lead tape appled to
the inner surface of the metal.hubs were used

Al rotors were balanced at speeds wel above frst critical speed, usualy
3000 rpm For the large FRH rotor FW3, balance runs were carried out
uider vacuum after it was observed that the large, paddie-ke spokes tended
to produce aercdynamic excitation | |

3.4, Testing

With the rotor ba]anced transducer clearances and the security of ther
mountmgs checked the vuewports cleaned, and any loose objects removed, the
door was boh:ed shut ‘Bafore drawing a vacuum, the damper pump was run
briefly to put positive pressure on the rotating ‘danpar seal, and the vacuum
pump ﬂwd levels were inspected.

While the chamber was being evacuated, final checks were made of
-recording equipment, recordng and sensitivity levels, ar and ol quick-
discomécts couplngs, spin—axis verticality, control settings, turbine lubrication,
and the nitrogan——p\ur\ge system If the test nvoived carbon fbers, the vacuum
pressure controler was set at 30 miliTorr, a feQ mIT orr above the chamber’s
ultimate r.aressu.re, in order to aiow nittogen to bleed nto the chamber, thus
removing any residual oxygen. Usually, one hour was alowed at this pressure
before spinning began. o .

_ Rotor speed is controled manualy by adjusting the!tfrot'de potentiometer
{Figure 2.12 on page 38), and the first observation to be made is of the
rotor's response at balance speed, under vacuum, to -co;rpa.r'e with its
. ambient-pressure response. By the end of the research penod data were
being recorded as noted beiow-

1. Chart Recorders
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a-  Fitered and unfiter_od ampitudes.
Speed and phase angles.
C. Charrber pressure.
d Damper—cd and rotor temperatures.
2. \ﬁdeo{Aucic; (see Figure é.22 on page 49)
a Rotor image.
b. DVF2 dsplay (rpm, ampitude, phase ange).
c. Test data plate (test number, date).
d  Tme of day.
e. Oscilloscope orbit or waveform display of rotor motion.
f. Controlroom commentary and turbine audio.
3.  Signal Analyzer (FFT) |
a  Digtized spectral data for both planes at 200—rpm intervals.
4. CAMAC System
a. Fitered amplitude, two channels.
Phase angle, two chamnels,
Rotational speed (rpm).
Elapsed time.

“The instruments that give the operator the most mmedats feedback on the
rotor's performance are the chart recorders and osclloscope; the chart
recorder giyes prompt.hdcatiorﬁ of ampitude trends and the oscilloscope dis-
_ pldy magnifies every perturbatio'n of the rotor by a factor of 5000.

A rotor's first high-speed test required at least t}ree people:

1. one to manualy control the rotor drive system,

2, one to control the data-acquisition system and glata.—colection sequence,

3. one to assess overal rotor dynamic resp?from the various dsplays.
~ /
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The last individual was also responsbie: for readng checklsts, particularty in the
event of an emergency such as gross rotor imbalance or shaft fakure.
At rotor faiure, or upon reaching a lmiting ampitude or the desred maxi-
mum speed, the brake ar valve was opened, autorrmticaly‘ closing the drive-ar
main valve (see the interconnect wiing ciag'.am, Figure 2.13 on page 39) The
| electnr—pneumatnc valve isolating the pumps from the chamber either would
have been closed at burst by an ampitude—actlvated relay, or( by the opera-
tor a short time prior to the expected faiure speed
Following the burst tests, the chamber was not disturbed for a few hours
to alow the dus:; to settle before opening the door. Al data, including debris;

were properly identified for later retrieval and examination

3.5 Instrument Accuracy/Calibration

Tachometers

Two tachometers are used for sgeed measuwrement a DVF1 and a DVFZ2,
both manufactw;ed by Bently Nevada Corporation, then Nevada, who provide
the following rpm accurac} specifications:

« DVF1 0 to 36,000 rpm, +/- 1.rpm; 36006 to 72,000 rpm, +/- 1%
« DVF2: 0 to 10,000 rpm, +/- 1 rpm 10000 to 100,000 rpm, +I—001%

The DVF1 (a.n obsolete unit) was donated by the manufacturer and served
untl the purchased DVF2 was instaled Orly one materiai test was based on
the DVF1 tachomster. 7

The turbne, DVF1, and. DVF2 tachometers were checked aganst the

CAMAC's internal 6250-Hz .pulse generator with the results appearing in Table
. . .
3.1.

Lo
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Table 3.1: Tachometer Calbration Results

CAMAC Turbine Error DVF1 Error DVF2 Error
(rpm) (rpm) (%) (rpm) (%) (rpm) (X)

54,358 54,3680 0.00 53,645 1.3 54,333 0.05
438,344 48,340 0.01 47,7681 1.21 48,340 0.01
42,345 42,345 0.00 41,975 0.87 42,342 0.01
36,333 36,330 0.00 36,112 C.68% 36,332 0.00
30,322 30,320 0.01 30,142 0.59 30,323 0.00
24,311 24,310 0.00 24,270 0.17 24,315 0.02
18,300 18, 300 0.00 18,224 0.42 18,300 0.00

This table supports the manufacturers specification for the DVF2 throughout

the evaluated range and for the DVF1 only up to 45,000 rpm

+
-

Amplitude o .

No amplitude accuracy .specification is given by the manufacturer of. the
DVF2, aithough each transducer is factory cafbrated. Since the instrument
was returned for fa'L_ths on two occasions, and was recalbrated both tifne_s,
‘the amplitude accuracy was taken to be that of the digital display, 19., +/~0.1
mi, high range, and +/~0.01 mi, low range.g -

Vacuum. Pressure

The capacitance manometer was selected,"n‘ part, because oflit‘s rugged-
* ness and abiity to retain its precision (0.15% of reading) over long periods.
-Tn‘e only user requiremeht is the zeroing of the manometer output at a }'éry |
low pressure (1 nanoTorr) and adjusting the dsplay unit to read the same as
the manometer output voltage. The zeroing was carried out once per year
on a diffusion pump in the University of Ottawa Department of Physics and

9 The DVF2 displays peak—to—peak ampltude vales.
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checked with a 5 '1/2 digit Hewlett—Packard precision multimeter.

Speed Datermination

As descrbed in Section 2.3.5, a video record was made simultaneously of
both the rotor and the tracking—fiter tachometer dsplay. To determine the
speed at which a rotor faiure has occurred, the frame-by-frame feature of
the video recorder is used tol count frames between ‘l;adwometer updates.
The video scan rate is 30 Hz and the DVF2 t&d’rometer uptate period is one-
half second Therefore, s'r:ce acceleration rates are held farly constant, it is

possible to fix a falure speed by negr regression

F

-

3.6 Summary 7
In this chapter, the manufacture and assembly of rotors has been reviewed to
gain an appreciatibn of ther mpact on spin testing. Each rotor n this program
has its strengths and weaknesses in terms of potential for misaignment and
consequent static/couple mbalance, The composite rotors, for exﬁmple, rgqui*e II
the accurate location of fou:j holes to correctly center the arbor whis the
arbor for the metal hubs is located by a more—accurately placed central hole.
There are other factors that touch upon ‘the purely convenient: .for example,
th§a metal-hub rotors are Corrected for imbalance by addng weights that can
be easly removed The composites have to have material removed and are

therefore permanently affected by ther balance corrections.

With the rotor assembled and instaled in the chamber, the ba.!a.nce proce—
dure was introduced and then-the general test procedures were reviewed.
The significance of reviewing these procedures was to demonstrate the cdre

that must be taken n order to carry out safe, successful, high-speed spin

tes:ts. ' . ¢




— Chapter IV

100-WH-ROTOR TESTS

4.1 Introduction

As set down in Chapter | the University of Ottawa ‘Energy-Storage Rotor

Project O-bJGCtIVGS were the design, fabrication, and testing of a 1-kWh fiber—

compos:te rotor. To reach this objective, four rotor designs were workad up

and, in’ order to select one of them as the final rotor, five scale—rotor tests

were designed with these objectives: -

1.

2,

Evaluate the flex—rim boiting attachment system. for soid composite disks.
Prove the feasbiity of through—driling oomposrte—hub material for shaft

attachments.

Obtain composite-hub biaxiak-strength data.

Measure the radial strength (ie., strength radaly transverse to the fiber
drection) of a crcumferentiaty wound carbon/resn ring under dynamic
loading. |

Acquire and interpret performance . and vibration data for specialy—
designed radaly—expandwg metalic hubs. " |
Evaluate rotor desag\, residual stress,” and manufacture and assembly
procedures and analyses developed through the testing of the prototype

rotor.

This chapter is divided according to the three fundamentaly different types

of rotor tasts:

1.

composite rotors,

- 65 -
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2. metal-hub rotors, and

3. the prototype rotor.

The first segment deals with the tests conducted to obtain the ultimateé biaxial
strength of SMC and S2-giss laminate (S2L) materials, the second with the
ring-racial strength (RRS) prototype rotor test, and the thrd with the metak-
hub experiments. Included in the SMC and S2L segment, there is a test of the
flex-rim attachment to characterize its balance quality as a rotor component
and its ms@mﬂed dynamic behawor Thus al experiments in the frst two
sections were drect or indrect tests of the botted FRA system. .

The mmedate result of the prototype—rotor -test ‘was an experimentaly-
determined value for the radial transverss s‘h'ength of the wet-flament-wound
fiber—composite ring. Accordng to the terature, this was the frst test of this
kind to be conducted More importantly, ths test was an evalation of the'
entire ESR progranx it was to prove out the desig\ resicm;J-stress analysesq,‘%
and manufacturing and assembly techniques. The decision to proceed to final
rotor manufacture rested on its outcdme..

The metal-hub segment deals with the colection of vbration and
. performance—-evaluation data for the flex—rim and_ spring-spoke hub (FRH and
SSH) rotors in order to determno the intrinsic stablity of these dosgxs.

Physical parameters for al rotors tested appear in Table 4.1
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AN ~
Table 4.1: 100-Wh-Rotor Physical Data -
Rotor Diometar Moss Inertia (1)
(cm) (xg) (kg-m?)
FRA-1 16,00 0.89 0.001
SMC—1 . 26.04 3.16 0.020
SMC-2 6.77 3.23 0.022
, s2L-1 “27.'98 3.93 0.030
SPL-2 ' 27.94 3.79 0.029
RRS=1 41.93 8.77" 0:127 ”
FRH-1 -1 3.13 0.027
SSH-1 30.55 4.88 0.025
SSH—M 43.28 7.78 0.127

Note: (1) Polar moss moment of inertia.

[

4.2 - Composite-Rotor Tests

4.2.1 Introduction

The composite rotors tested, together with the test objectives, were:

1. FRA-1: dynamic test of an unsupported flex—rim attachment.

2. SMC-1: biaxial strength test of an SMC'? disk and faiuire-mode analysis
(effect of holes). l | ”

3.  SMC-2: as for SMC-1, plus effect of fatiguing.
4.  S2L-1: biaxial strength test of an S2-glass—laminate ! disk.

5. S2L-2: as for S2L-1, but with the disk weakened to reduce faiure

speed.

10 suppied by the Owens-Corning Fiberglas Corporation, Granvie, Ohio.
A Suppled by the bwens—thg Fberglas Corporation, Granvile, Ohio.
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4.2.1. 1‘ . Drilling of Composites and FRA Evaluation
. Heretofore, the attachment of compos:te disks to shafts has been by elastom-—
eric bonding.  Although this “method has served the inmeciate spn—testhg .
. requirements of those using it, there have been bond falures and some suspi-
cion that the elastomer itself causes rotor nstabiity. Notwithstanding the two
| Iong—term cycic tests carried out at ORFEL with eiastomenca.ly-bmdnd arbors
[12012 the ESR Project opted for boiting since the objective’ was to buid
rotors suitable for real-world appications. Althoug'n bolting has bem studied
by at least one other group, General Eiectric. 154] they did not actualy test
the idea because the great emphasis on achieving the very high burst energy
of 80 Wh/kg in the US MEST program precluded such experimentation
The device invented at the University of Ottz;wa to niﬁize the weakening
effect of holes is cajla.d a flex-rim attachment (FRA), sho#wn n Figure 4.1, and
~ is designed so that the radial displacement of the boit 'holes in both’ the FRA
and the hub dus to cent;ifugaj force, wi be the same _throumoui the rotor's
speed range. Moreover, the hole diameters and ther radal locations in the
compo‘site disk are such that the stresses near the holes are less than the
stress at the center of the disk because of posmonal and hole-size effects

that occur only in composite matenals.

L

12 Two 10-kg rotors. were cycled between 50 and 100% of ther design
maximum speed 10,000 times.



Figure 4.1: Flex-Rim Attach'n?ﬁ

4.2.1.2 Biaxial Strength Measurement
lt has been shown by Daniel [55] {Figure 4.2) that laminated graphite/epoxy
plates are stronger under biaxial -stress than they are under unaxnal stress

. conditions. If S2-glass/epoxy Xates v«‘.rore to behavo in_the same way, the

mf(ltenal supplied by Owens—Comng would prova to be stronger under biaxial
loading than its accompanying ultimate tensie strength data. _

Support “ror this idea was found inéhe work of Nuismer and Wﬁtney [58]
who performed a series of tensle tests on carbon/epo ;.nd S2-glass/epoxy
la_nimates with round, through-the-specimen holes of varyi dameters: Table
'74'.2 summarizes the data taken from Figures 9 and 11 of ther monograph and

ﬂ!ustrates how simiarly the two (0.+/-45, 90\)2/s\iani1ates behgve. This paralel
behavior justifies the appication of. "‘aniers carbon—lani\ato hﬁg
S2-giass”laminates with the same layup sequence.

Extrapolating Daniefs data h Figure mstr@ reduction expected for a

3.175-mm (0.125-in) damoter hole, in & material biexialy stressed is 0,68, At
J‘t‘\—-.______‘ . . - .

-«

Je data to

4
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_ Table 42: Hole-Size Effects in S2-Glass and Carbon Laminates

I : . '
The relative strength of the material appears in the four columns headed by
the hole radi in inches.

{/’
Leminate 0.05" 0.15" 0.30" 0.35"
S2-gloss 0.70 ©0.56 0.50 0.45

Carbon 0.72 0.60 0.55 0.45

" the radius of {he FRA bolt hole, however, the radial stress is 85% of the cir—

. cumferential stress, ie., the stress is not perfectly biaxial By interpolating fn-

- .
4

early between the uniaxial and biaxial strength-reduction curves n Daniel's fig-

ure, the strength reduction is 0.86. Therefore, the concentration of stress due.

"to a hole of this diameter in S2-glass laminate is 1/0.86 = 1.16.

The maximum {circumferential} stress at radius r in a dsk of radus b is

given by eq. (1) [57] (see Note, p.74}. -

- 34y PR 1+3v oo
OO = T o1V} b —8— o' r (])

~—

L
AN

The stress near the 3.175-mm hole at radus r in the laminate is 't*h:n simply
\ . . ‘

the stress. computed at the radialJacation of the hole, using eq. (1), multiplied-

by 1780

_The stress.at the center of.a spinning disk is given by eq (2} (57}

- . ) . R '-8—— .’u;lb:‘ , \ (2) .

L] *
.

which is greater than the stress at the FRA holes, as wil be shown-in the

Results section _— L
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Figure 4.2: Danie's Results. Strength reduction as. a function .of hole radus
‘ for {0,+/-45,90)2s graphite/epoxy plates with circular holes under
uniaxial and 1:1 biaxial oading [55]

Although composed of short (25-cm) glass fbers randomly oriented in a
resin matrix, the effect of. hole driing in SMC material was assumed to be the
same as for the laminate material However, in contrast with the laminate
material, the S?h}s/ﬂiaxua] tensie strength is greater than its biaxial
strength 13 Nonetheless, the stress in the SMC specimen was calculated in the

same-way as for the stress in the laminated material

4.2.2 FRA Component Test R

13 According to uniaxial strength data provided by Owens—Corning. .

N
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4.2.2.1 Procedure -

A localy-manufactured flex-rim attachment and arbor v&&e assembled (Figure
43) arxd attached to a quil shaft Prior to instalation, the FRA was measured
along four diameters for companson with rts post—test measurement to check
for permanent deformation. The assembled rotor was attached to a quil
shaft which was set perpendcular to the FRA plane by adjustment of the
arbor set screws. Rotor and shaft were then instaled in the dwamber as

described in Section 3.2 and balanced using a single-plane, trta.l;weigﬁ tech—

nique.

Figure 4.3: Assembled FRA-1 Rotor e

The requirement for this test was that FRA-1 be brought siowly to s

maximum unsupported spood of .;'25,000 rpm and its ampltude closely moni-
tored At this stage in the program, it was not known how accurately the

FRA could be manufactured and, consequently, how r\ryd1 imbalance and rim-

&

-
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stiffness variation would be introduced into the component as a result Con-
sequgntly, the test objective was two-foid observation of rotor mbalance t;>
ensure equal flexing of the rim in each quadrant and post-test examinatioq for
plastic deformation Since #® was also possble that each rotor component
wouid have to be indvidualy balanced, a sacondary test objective was to

determine whether or not this was the case. c

" 4.2.2.2 Results and Discussion
The rotor required a very smal balance correc'aon (0035 g<cm). As in al of
the 100-Wh rotor tests, the fitered a.rrpitude and phase angle versus speed
data (Bode plots) were manualy logged from the videotapes record, entered .
into the mainframe computer, and plotted, ngre 4.4 shows the FRA—1 rotor
exhibitng a classical first crrt:cal—speed resonance at 2200 rpm. * than
passing through a maximum ol resonance ampitude between 4 and thou—
sand rpm, of which the only evidence is the v_ideorecordéd-random fring of
the strobe lamps and- the attendant false rotor moﬁon the rotor behaved very
?Nell. | . ' ®
The smal balance correction requ‘réc_:l. the constant low arrpitu\de throughout
the speed range, plus the absence of plastic deformation proved this compo—

nent ready for attachment to and further testing on composite rotors.
_ | ¥

|
g
N
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Figure 4.4: Bode Plot for Test FRA-1/1

4.2.2.3 Note on Stress Equations -
The derivation of the three stress equations used herein (pp. 71 and 82), as '

described by  Timosherko, assumes that the disk thickness is smal compared

with its radius so that circumferential and tamgential stress varlations with N

thickness are ignorable. The equation is derived in the usual manner by con-
sidering the equiibrium of an elemental section of*the dsk in polar coordnates.

4.2.3 SMC Rotor Tests

4

. 4.2_,.3.1 Procedure

Test specimens were rough cut-from separate SMC plates, utiizing their most

rotors wers then turned to their final

dameter, driled for the s, and boited to- the FRA/arbor assembly.

Attachment -to the quil shaft and nstalation were as for FRA-1/1.
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The test plan for SMC-1 was to accelerate at about 200 rpm/s tb the
anticpatéd fakre speed of 34,450 rpm. When the disk did not fal by the

time it reached the overspe_od trip settng of 40,000 rpm, it was brought to

: 3
rest and a second attempt made.

' For SMC-2, 1000 “deep” cycles (7290 to 32,720 rpm} were planmned to test
the material strength reduction t6 69% as predicted by. the method of Mandel
58] ’

/ o

: r
. systemr  thé computer software was designed to .start .the rotor from rest,

open the brike valve (thus closing the main drive valve) at the preset upper,

Cycing of the rotor was to be carried out using the CAMAC mini-computer

. - - )
speed, close the brake (opening the drive valve) at the lower ‘speed, and so®

on, and to bring the rotor to rest after the requisite number of cycles.
Acceleration was 'man.ualy Vset on the turbine throttle valve and deceleration on
a giobe valve in the brake ne

-

After 18 cycles, a decision was taken to proceed with the burst test
because the rotor had began to show a growing instablity due to ol reso-
nance in the d}u-rper journal bsarngs.

Fc,Sr,,\ both ultimate strength {burst) tests, the primary measurement was the

falure speed, as recorded by the console camera. For SMC-1, the tachometer‘»‘

of record was the DVF1; for ME-2. it was the DVF2
FRA-hub compatibiity was tomt;e assessed by drect observaﬁor;, by c‘haﬁ—
recorded rotor res;;>on33, and by examnation of the FRA 'post-test, if it sur-
‘vi‘\..red the t_est.‘ | f |
The effect of .through—driling the composite specimens was to be deter—.
mined by. falure analysis, Le.,r‘;eas:;;enbhg
“mpossble with the undifferefiated SMC-1 debris, 50 SMC-2 was panted to

) o ] W ’ “
assist in fragment. identification) _ ' . “

the fragments. (Tlis proved to be

¥
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~ The results for rotors SMC-1 and -2 are tabulated in Table 4.3. "Before and

4.2.3.2 Results and Discussion’

after photos of the. two rotors are shown in Figure 4.5,

Table 4.3: Results for SMC Rotor Tests

The predicted faiure speeds and stresses, compared with actual fajure speeds
and stresses. o .
\

¥ Streases(2) Predicted

Failure -

Speed{1) Rcd'l Theta Center Fallure Center
Rotor  (rpm) (MPa)  (MPa)  (MPa) (rpm) (MPa)
SMC-1 40,316  163.6 201.3 . 212.8 34,450 185.3(3)

SMC-2 39,792 173.1 208.8 2191 39,227 212.8 4

Ngtes: (1) Linear regresslon over the last four second
Qﬂqﬁ\‘i@g Rad’l = radlal stress ond Theta = clrcum!-ro tial
3 stress at the FRA bolt~ holot calculgted as ‘desc—-
fibed'fn Section 4.2.1. Center = central stress.

The uncertainty is less thon +/-0.05 MPa for SMC-
2, but +/-0.4 MPa for SMC-1 due to the large rpm

error in the DVF1 (l N
(3) Monufacturer’s ultimate tenzile Wirength.

The predicted faiure speed of SMC-1 was based on t}‘me ultmate tensie
. o
strength (UTS) suppled by thHe manufacturer.
. The falure of the rOtoF to burst -at the expected speed was latsr clarified

\
)ay the study of hole-s:ze effects that is dscussed in Sections 4.2. 1" and
42.12. From the nstru.ment—error analysis dqgcrbed n Chapter &, the uncer—

talntles in the measured failure speeds were. +/-403 and +/—4(I-?rpm, raspec-
' . . . . '. . "4 . . P i
tively. . .

£y

The stress uncerta:nty was calculated using techniques recomended by

Balrd [59] for the products of vanables. Dimensional data were taken to be




Figure 45: SMC Rotors Before and After Test Top: SMC-1 befire test;
debris in the chamber. Bottorrcsm.}—zboforotost,wwng
~ components ‘reassembled after . :

A
accurate to 0.001 inches, rpm as stated above, Poisson's ratio to withn 001, .
andciensityto ithi 1kgpe}wbicmtar According to Baird, thedbrrinant
sow?ce of eror in the stress computation is due to the Speed-squ.ared term.
The contrbubon of this amounts to 0.002 x angular veloc:ty squared, for the -
"DVFZand002trmsfortheDVF‘I —_— Q
Thefahmmodennajyshwasdfﬁwnbocauseﬂ\erewas;;wayoflden— |
tifyiig which part of the dsk the fragments had come from. The presencés of
 pleceés with boit holes was, however, oncoura@mg. Painting the’ upp_er and low—

. .



Figure 46: Bode Plots for SMC-1 and SMC-2 Tests
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er surfaces of the disk by quacrants greatly assisted in the piecing together
of the fragments of SMC—Z, as can bBe j.tdgéd n anure 45 on page 77, ~'
where the rotor is seen before and after the test. The SMC—2 fragments
thai weare recovered appear to hava been part of larger poeces that swrvived
the disk faiure, but then delamnatoc{ upon hitting the contanment wal

h both SMC tests, the FRA remained itact and attached to the arbor. The
smooth run up to failure, evidenéed by the fitered ampftude versus spéed_
Bode plots in Figure 46 on page 78 for both tests, pus the relatively fight
damage to the FRAs, indicates that radal\con'patbity between FRA and disk
was maintained | '

The distinct peaks and accompanying phase shifts for SMC—-1 and -2 mark
the crmcaJ speeds of the turbne—rotor system. The first critical speeds are
more readiy ﬁsderta'ned from the next set of plots which go from zero to
3000 rpm (Figure 4.7) and are labeled CRIT. \
The crrbca! ‘speeds. for al 100-Wh rotors are tabulated at the end of this
chapter and are found by drawing a vertical Ine through the 90-degree point
- on the phase ange curve,
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Figure 4.7: First Critical Speed for SMC-2

4.2.4 S2-Glass Laminate (S2L) Rotor Tests

" 42.41 Procedure -
"The S2L rotors were prepared and balanced as the SMC specmens had been;
‘with the axception that S2L-2 was weakened with a 2.54-cm diameter central

~ hole.

it was planned that S2L-1 be cycled between 8850-and 39,560 rpm if the
initial runup was trouble—free: if 10 cycles went srmot}iy then 100 cyc!es
were to be aﬂtttan'nptead.14 As be.fore the. CAMAC system was to be used to

control the test . - ’ Co g e,

14 Unike the SMC-2 aﬂerrpt to measure fatigue strengm Qis exerdse was

.cexpenmtnlaz . / 71_
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Through 13 cycles, the rotor arrﬁtude showed a tendency to grow during

deceleration, prompting an immediatq_attempt to fal the disk.

The rotor survived two trips to 57,000 rpm without faiing and, equaly sig—
nificantly, yieidng.- but not to the pont of rupturing the FRA or the boits. .

The f‘rst‘attempt was aborted when the overspeed trip setting of 57,000
rem was reacr;ed. The second attempt was aborted when the rotor ampi-
tude exceeded the safe irm sot on the vbration monltor arthoug'l the fitered
ampitude as shown n anure 4.8, was not excessrve. The mitng ampitude in
this cas_e was the unfitered one, to which the fitered, or “1X* ampiitude made
ittle contribution 3 - B A

Rotor SL2-2, with its central hole, was nstaled in the chamber. without
benefit of a catcher plate to collect the debns so that the rotor could be
vuawed from below in order to observe possble delamination. The rotor was

to be spun slowly to falure speed based, this tme, on th highest known val-

ue of uniaxial tensie strength for S2-glass _lamhata material (see TabIe_4.4) )

and the hole-size effect discussed in Section 4.2.1.1.

4.2.4.2 Results and Discussion’

The results for rotors S2L-1 and -2 are tabulated in Table 4.4, which may be

compared with the SMC results; the before and. after photos for S2L-2

appear in Figure 4.9,

Classicaly, the -maximum stress in,a spihning disk , with a -central hole of
radus a, and whose radis is b, Is given by eq (3) [57}

. 3 > _ '
. ?0,=;%\i pw® (b2 + a? + Ta b? _;:_\3}34{2) _ —(3)

Y



Figure 4.8: Bode Plots for S2L-1/1 and S2L-1/2
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Table 4.4: Results for S2L Rotor Tests

The predicted failure speeds and stresses, compared with actual falure speeds
and stresses. y

Stressea(2) Predicled
Failure o

Speed(1) Rad’'l Thets Center Failure Center -
Rotor (rpm) {(MPa) (MPa) {MPa) {rpm) (MPa)

S2-1 57,118(3) 433.1 508.9 .525.9 51,476  427.0(5) .
S21-2 51,711 343.6  433.9  863.3(4) 47,908  728.8(6)

Notes: (1) Linear regression over the last four seconda. -
(2) Rod'l = radial stress and .Theta = circumferentiat
atress at the FRA bolt holea.
The uncertainty is +/-0.1 MPa. : { é
(3) Rotor did not fail. . ') roo
(4) Circumferential stress at the edge of the cenqul
2.54~-cm-dlametsr hole. T4
(5) Manufacturer’s ultimate tensile strength. i

(6) Published yalue [8]. S /

.
!

Figure 4.9: S2L-2 Rotor, Pre- and Post—Test

~

In order to observe the effect of the central hole, ie., possible delamination

N e,
of the rotor, a camera was placed at one of the lower viewports to give the

view seen in Figure 4.11 on page 81. The video frame in this\_ﬂgure' shows

minor delaminations at 51,522 rpm, but nothing that would suggest a delami-

1
*

nation faiure. '
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Figure 4.11:

Minor Delamination of Rotor S2L-2

The extrapolated falure speed yields a tangential stress, dt the edge of Lhe
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Fiqure 4.12: Low;—Spet_ad Bode Plots for lSZL—1 and S2L-2
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central hole, shown in Table 4.4 on page 83. To have produced fthis stress at

the center of S2L-1 would have required a rotor speed of at least 73,000

rem, wel beyond .the 60,000 rpm safe kmit specified by the turbine manufac-

turer.

’

_The Bods plots for the’ two S2L rotors are presented i Figure 4.8 on page
82 and Figure 4.10 on page 84, where the fitered-ampitude response is seen
to be similar to that of the SMC rotors. Again, the critical-speed resonances
are accompanied by phase—angle changes the sharpness of the resonance
being related to the magnitude of the pha"se change. The effect of stressing
the FRA during S2L-1/1 appears in the piot of S2L-1/2, taking the form of a
broadened second-critical resonance and indeterminate phase change. Since the
FRA was plastically def;m'necll during the first cycle, its unbalanced condition
evidently had some effect on the internal damping of the rotor. The first-
critical speeds are'found from the plots of the '.f'rst 3000 rpm in Figure 4.12

on page 85.
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4.2.5 Ring Radial Strength e

»

4,2.5.1 Introduction
The objectives of testing the ring radial strength prototype composite—hub,
carbon-ring rotor (Rﬁtl) were:

1. . Determine the radial location and vale of the r'ng’s' radial strength.

Co2, Evaluate the rotor's dynamic performance.

3. Test a lightweight containment device.

4. Evaluate the FRA's -performance.

The radial and circurnferential stresses and displacements in a rotatng ring

; mounted with known interfacial pressure on a dsk are gven in an appropriate

form in reference [49] but are too lengthy to-be reproduced here. For the
carbc;r;—ﬂber/resh ring used n this: test (D, 26.7 cm; OD, 41.9 cmy thickness,

2.5 cm), the predicted radial streng*th-'is 355 MPa (including a residual stress of

100 MPa) at 476% of the imner to outer radus dstance. This stress was

predicted ¥0 accur at 30,300 rpm. .

'4.2.5.2 Procedure E4

A 254-cm axialy thick E/XAS carbon/epoxy ring was w'g_}md.'h the Project
materials laboratory and machined to the ‘final dmensions Isted i Table 4.1 on
page 67. The SMC hub for this rotor was prepared in the same manner as
the SMC rotors (Section 4.2.2)_ ‘and, before mating with the ring, was staticany
balanced in the spin-test chamber Rotor assembly was effected by cool'mg
the SMC hub in kquid rutrogen. ,

* The assembled rotor (including FRA arbor and aligned quil shaft) was

instaled in the chamber and balanced ~ °

&
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Thae cagaon/epoxy ring was panted white in alternate quadrants on the
upper surface 'n-l;order to accentu‘ate the crack. The RCA video camera was
mounted above ohe of the vertical ports 20 cm from the ring surface. With
a 25-mm lens, the region of the ring visble on the television monitor was 10
by 13 cm, tiwe centér of this region beng at the predicted rfﬂdius of the &_
cumferential crack. To contain the rotor withn a confined circular portion of
. the oval-shaped chamber contarment, a lkghtweight steel was buit and
taped nto place beneath the rotor. .

in order to slowly increase the ring radial stress, the rotor was ‘accelerated
at a very low rate (80 rpom/s). At 25000 rpm, as the rotor became unsta—
ble, its ap»arent motion became exaggerated for the reasons descrbed in
Section 2.3.24, confusing hterpretaﬁqn o‘;' the rotor's motion

The test was finally stopped -at -29,000 rem when the. rotor began contact-—
ing the upper catcher. Because the rotor became unstable at the threshold of
the failure-speed region, it was I_Seﬁeved there was a possibiity that the ring
had faled There being no ;surface manifestations of fadure, the ring was
X-rayed1® Apart from clearly showing al of the balance holes nth? hub,
the X-radiographs offered no proof that any falure had initiated in the ring

(Figure 4.13), so the rotor was rebalanced and spun a second time.

For the second test, an electronic divide-by-six circuit was instaled in order .

to derive.the speed and strobe timing signals from the sbi-pulse—per—revolution
turbine rotor tachometer system. This ensured that the strobe lght would
remain synchronized with the turbine rotor, and that the DVF2 tachometer

would not be confused by extraneous signals, should the ci-whip phenomenon

recur.16

15" Commercial Products Division of AECL

'8 The DVF2 tachometer can now be driven either by the turbine or rotor

L\



Figure 4.13: Radiograph of‘Rofor After Test RRS-1/1.- The kght areas are
regions of greater absorption The black spots .are balance—
correction holes, the radialy—oriented rectanges being preassem-—
bly hub balance-correction holes. A flaw-size reference target
rests on the ring where no flaws of any kind are seen

4.2.53 Results and Discussion

During second test of RRS-1, the ring cracked at frame 13 of 30,945

rom_{Fi 14) and, within two seconds, (1000 revoltions) the FRA bolts

sheared, alowing the rotor to fal into the kghtweight containment where it

came to rest 150 seconds later (Figure 4.15).

The radial location and speed of falure (Table 4.5) were cémpu.ted with
Project stress-analysis software [8] The induced stress was calculated using
eq (C.4.10) in reference [49] with the uncertainty computed as before. The
radial stress in the ring at falure comprises inertial loading (32.0 MPa), the resi-

dual stress (10.0 MPa) [60] and the interfacial pressure (-5.5 MPa).

- -

Rotor Response =

timing signals.
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R

Figure 415 Faled RRS-1 in Lightweight Contaner L

The fitered ampitude and phase angle responses for rotor RRS-1 are
© shown in Frgure_ 418. As with the previous piots, these were nmechdricaly
produced from manualy-logged data

-
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4 Table 4.5: Results for the RRS—1 Test

The predicted falure speed and stress, and crack location compared with the
actual fabwre speed and stress, and crack location

) Speed Streass Radius
(rpm) . (MPa) . - (X) .
ya . . -
Predicted . 30,300 A5.5 0.478
Actual 30,957 36.% : 0.435

-

t
As in the responses of SMC-1, SMC-2, S2L-1, and S2L-2, a sharp frst
critical résonance is accompanied by a 180-degree pﬁxase shift, ¢he 90-degree
position marking the critical speed. Fol'lovsihg frst critical, the fitered ampitude
rises monotonically unti 20,000 rpm where it begns to rise more rapidy. The
previous three rc;tors behaved amost identicaly, showing wel—def‘ned“second—
critical speed resonances in the 27 - 29 thousand rpm range. RRS-1 evidently

just passed its second critical when it faﬁéd Althoughgthe phase angle behav-

ior of RRS-1 is unusual in executing nearly one-and-a-half revolutions, it doés

Y

show a typical modal (phase) change as the second critical is passed. The
resonance peak appears to be distorted by the apﬁroadhg ring fadure, other-

wise, RRS-1 shows no other unexpected or unexplainable behavior,

5
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Figure 4.16: ~Bode Plots for Test RRS-1/2
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FRA Performance \

In the Bode diagrams discussed in the previous section, the fitered ampi- -
tude versus speed plot for RRS-1 was simiar to al prior FRA-mountad rotor

tests up to faiure speed =
[

At falure, the rotor imbalance sheared the FRA boits, alowing the disk to
fall into its containment and leaving the FRA itself ntact. '

In this test, the FRA performed exactly as intended
¥

Lightweight Containment

The 3.2-mm-thick mid steel ."can” buit to catch the rotor was taped to an

aluminum catcher tray. This fight constraint was sufficient to hold the contain—

er in place because the smal clearance between rotor and container confined

the :rotor to mainly circular motion. This smal constraint, plus the minimal mass
of the container, provides a good indication that the benign fadure mode

designed into the Ottawa rotors wil require significantly less cdnta'nnent_ mass

than Jthe-GeheraI Electric containment design discussed in Section 1.1
. .

v

4.3 Metal-Hub Tests

4.3.1 Introduction
The rotors tested and ther test objectives for this phase were:
1. FRH-1: flex-rim hub_ dynamic evakiation.
2. SSH-1: the same for the spri;g—spoke hub.
The flex—rim hub (FRH) was designed to maintain contact with its rings, ini-
tialy by interfacial pressure (shrink fitting), and at speed through the radial

growth of the portion of the hub betwesn-its spcik/oa.,\tbe concern with this
. ™

[
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design was tHat, as the ring Ffted off’, thers mgﬂ be r‘\sufﬁc'ent restomd 'y
forte to oppOse any per‘turbat:on causing the rng to move Iateraly with
respect to the_ hub. Consequently, part of the rotor’s evaluation was the
examination of the unformty of the gap between hub and ring, at speed, in

-~
+

- each q.lacrant.' .

The sprng—spoke hub (SSH), dn the other hand was dasigned so that a
large preload on the ahmmn fner from the- conpressed spokes would be
transmitted tp the composite .rﬁgs by the ner maintaining positive pressure at
al speeds. The concern with\this rotor was the possbiity of nonuniform load-

ing on the sixteen spokes. th rotors are shown in Figure 4.17.

Figure 4.17: Rotors FRH-1 and SSH-1. FRH-1 is at left, SSH-1 at right

4.32 Flex-Rim Hub (FRH) Rotor Test

4.3.2.1 Procedure
The spin tests for rotor FRH-1 were desigwed to:
1. charactenze its stabiity up to 35,000 rpm and

2. measure the gap between hub and ring at the spoke diameters as a
function of speed
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At the time that these tests wers pe-'formed the onty fr.eq.lency analyzing
equipment available was the DVF2: The tme—cormrrmg procethre. for obtain-
ing spectral data with this device requred that.the rotor be heid at a con-
stanispeed whie the auto-sweep controler caused. the intermal signal genera—
tor to sweep, at an hi?grn;aly—cc;ntro!ed rate, from‘_’Towet" to ther .
externally-set frequencies. This causes the fiter to swe " its 120 (or 12)
rem bandwidth over th-e spectrum of frequencies ated at that speed.
An x-y plotter connected to the DVF2 dc and fitered arpitude ocutput termi-
nals (rpm on x an.cb! am}:itude on y) recordy the results, a dfferent x-axis
being used for each speed analyzed
The interfacial pressure created by the tral dffereﬁce between hub
and-ting is sufficient to keep the two components n good contact up to
10,000 rpm [8] Beyond this. spe‘ed, the flexble rim of the hub at the spoke
locations is constrained from growing radialy by the spoke, whereas t‘;ue rim

between the spokes is not, resulting in contact being mantained. n the inter-

spoke region

Gap Measurement

To measure the gap between ring and hub, a machinist's ruwe was fixed
above the rotor in the field of/diew of ons of tha upper viewports (Figure
4.18) and monitored with a video camera. The 35-mm photograph in this fig-

ure was made in an effort to improve resolution of the gap width




Figure 4.18: [FRH-1 RingHub Gap

4.3.2.2 Results ;md' Discussion .

FRH-1 proved to ba 'exceptionally‘ stable over its 0 - 35,000 rpm speed
range, achieving its maximum rated speed woccas:ms. The Bode plots
in Figure 4.19 document.the rotor's fiterefi amplitude and phase response for
Test FRH-1/1 and are simiar to tha FRA-1 experiment in that the first critical
speed is relatively high and marked by a sharp resonance, and the phase angle
rémains relatively constant in the second mode. '

Figure 4.20is a cascade plot of FRH-1/2 produced in the manner discussed in
the previous section. The salient feature of this plot are the “one-times® fre-
quency peaks (hereafter, "1X"), harmonics thereof ol whip at 10 and 15
thousand rpm. The horizontal axis Js the freaency of the vibration spectral
components, the vertical axis is the rotor speed at which the scans were
.mgde. The low-frequency peak at 30,000 rpm, as wil be disdussed in the
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Figure 4.19High- and Low-Speed Bode Plots, Test FRH-1/1. The plots
marked (CRT) Bre the expanded view of the critical-speed
region.

-

SSH test, is very ikely a moment-induced precessional whit As noted on the

figure, the rotor became unstable after running at that speed for several rhin-

utes.




( + 3735 - fitered ampltude 0.05, unfitered 7.

g8

EI
N ' :
B :
e i anman SIS o
1M | ! s S
L [ J ;_ © Test ‘tergynoted. rotor unstable
B ] — . é . b H : B R e e .
: ‘
i mara e o i e ll . (\0‘.\ - -
£
- o
&
] « ,
s < "
Oil Whip .
: -
! ) .
ot
' . . .
e AT T T % L

Frequency (x 1000 rpm)
Figure 4.20: Cascade Piot, Test FRH-1/1

The next figure Bustrates the rapidity and magnitude of ol-whip onset for
a light rotor. This phenomenon,. studed ih more detal for this system else-
vx{here [51] typica_lly causes la}ge excursions just above twic_e first critical and
is transient. I this sequence of video scenes, the fitered ampltudse is digitany'
displayed and the unfitered ampfitude is estimated from the oscﬁloécope.
Amplitudes are peak-to-peak and stated in mis.

« 2401 - both amplitudes ess\entialy zero.

" 2548 - fitered ampitude 0.32, unfitered 2.
. 2597 ::itered ampltude 0.27, unfitered 5.
e 2670 - fitered amplitude 0.39, unfitered 8.

e 2912 - fitered ampiitude 0.12, mﬂtered >8.

s 42471 - fitered amplitude 0.12, unfitered 3.
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Fiqwe 4.21: FRH-1 Oi-Whp Sequence. The video sequence starts at the.
: top left and goes from left to right, and from top to bottom
The final frame is ful screen to show the rotor and probes.

« 4506 - fitered ar;'vpitude 0.13, unfitered 0.

The last photograph (4506 rpm) shows the location of the orthogonal dis—
placement transducer supports. The armored cable of one of the transducers
is visble alongside the lower left spoke. The second transducer and the key-
phasor transducer, in ine with and above it, are hidden by the top left spoke.
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. To summarize, two dynamic phenomena were observed in testing this rotor.
At lower speeds, ol whip wal in evidence and at higher speed, low-frequency

whiring, neither of which can be Zttribyted to rotor design
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Ring-Hub Gap
By slowly accelerating the rotor and‘watch'ng the hub—ring interface, ring
ift—-off was detected visualy at 20,000 rom. The gap data are Estjed n Table
46, and plotted as {+) in Figure 4.22. The soid curve fittng the data is a
3.5-power Iaw:\vhich _probably says more about the method of measurement
than about the laws of physics. The expected sq\.tara—law-dependent gap

(from Project rotor-design software) is plotted as a broken fne.

>

Table 46: FRH-1 Gap Data

The estimated ring—hub separation versus speed for FRH-1.

3
Multipie Gop Size Rotor Speed \
of 1/64" (mils) (rpm)
i 0.5 7.8 21,400
{ 1.0 15.6 25,500
1.5 23.4 " 29,500
2.0 31.2 32,000
‘2.5 39.0 > 33,900
r 3.0 46.8 35,100

In addition, the rotor was examined at each spoke location at various
speeds in the ring fft-off" speed range. Withn the Emits of the gap measure-
ment technique described above, the gaps at each of the spokes were egual

However, the fact that the rotor was so stable makes this observation gratui-

”

tous.
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Figure 4.22: Ring-Hub Gap Plots, Test FRH-1/4. Soid lne, data curve fit:

broken Ine, theoretical squarelaw gap dependency; and obser-
vational data (+).

4.3.3 Spring-Spoke Hub Test

4.3.3.1 Procedure

The sole cbjective in testing rotor SSH-1 was the determination of the stability
of the design To that end, two tests were plannedt one to obtain spectral
data (cascade plot, as described in Section 4.3.1) and the second to obtain fi-
tered ampitude versus speed {Bode} curves up to the rotors safe maximum

speed of 30,000 rpm, although data to 25000 were acceptable in qualkfying
[} N \
the rotor.

Folowing these tests, SSH-1 was fitted with a 3—kg carbon ring shrunk
onto the S2-glass ring in order to study the same hub system with a higher

inertia. \/

S
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Tha frst two ‘tests were cozgﬁed with SSH-1, shown in Figure 4.17 on
page 94, with a single S2-gass ring (dmensions in Table 4.1 on page 67) and
did not proceed to the 30,000-rpm limit becauss of excessive ampitude
growth ‘ Since the glass ring on this rot& .was designed for large radial dia-
tion, moreso than in the final desig'tw.“the arrpitude r_eéponso (Figure 4.23) was
not entirely unexpected. '

The modified rotor, SSH-2, was also given ‘a maximum speed Imit of .

30,000 rpm; its ‘test procedure was essentialy the same as for-SSH—1.

L3

4.3.3.2° Results and Discussion

This rotor did not assemble wel on the first attempt, its and tit meas-
uring 11 mis and 0.12 degrees, respectively. The version of 3 shown in
‘ N\

Figure 4.17 on page 394 had a poorly seated upper spring-spoke plate |
because the outside diameter of the arbor seating surface was 540 cm com-

pared with the 7.30-cm diameter of the central bushing beneath, resulting in
unequal loading in the upper and lower spring plates. This caused unaccepta-
ble runout and tit and was corrected with an arbor targef the width of the
central bushing
After' balancing, SSH-1 was accelerated siowly in an attempt io reach its
maximum safe speed This attempt, documented in Figure 4.23, wa; aborted
at 28,423 rpm because the ampitude appeared to be rising too quickly. Oth-
erwise, this plot exhbits a wel-behaved first—critical resonance, a drop in
? amplitude at the balance speed, stable behavior between 10 and 22 thousand
~rpm, and a steep rise n ampitude at sh;xtdown.
The rotor was then rebalanced and the cascade .piot in Figrire 4,24 was
made. This plot doas not show the same type of ol—wf’p resonance as

FRH-1, although they are simiar in al other respects (excepting the different
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Figure 4.23: Low- and ng-speed%a Plots, Test SSH-1/2
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scale on the rpm axis). The 0 - 2500 rpm °noise” at al speeds in this figure
is the same as that jst developing at 30,000 rpm for FRH-1 in Figure 4.20
~ on page 98, and E most keély the precessional vibration that is present n the
unfitered signal at 20 and 25 thousand rpm.  The precessnon shown in Figure
4.25 has frequen;::iesof approximately 21 and 2.5 rpm, respectively, at the
indicated rotor speeds of 20 and 25 thousand rpm.  This type. of rotor
motion has been described as retrograde whil [51] caused by a moment on
the; rotor. This is not a design—related phenomenon', but rather, a property of

axialy-thin rotors which do not have two convenient balance planes.
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Figure 4.24: Cascade Plot, Test SSH-1/1
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A second attempt was made to reach 30,000 rpm, but was aborted at

25,294 for the same reason
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Figure 4.25: SSH-1/2 Unfitered Ampltude. This trace is the rotor's unfitered
ampitude. The horizontal (time) scale is 4 s/mm, 1 mm beng the
smalest division

SSH-2

The response of this rotor on its first and only high-speed test (Figure 4.26)
iS more tke the other rotars than SSH-1. Hs ampitude rises heaﬂy with
speed, with the exception of a smal bump at 20,000 rpm, unti the ring fais.
The phase-angle behavior is also quite dfferent, increasng immedately 1 o
maximum of 360 degrees where it stays, more or less, untl faluwre. In the
absence of any spectral data, an ampltude versus speed plot with fitered and
unfitered data was made (Figure 4.27) and shows that the rotor experienced
oil whip throughout most of test

The onset of whip is clearty marked at 1600 rpm, wel above twice first
critical speed. It persists unti 24,500 rpm where, presumably, the grovyhg
rotor imbalance is sufficient to overcome the hyww forces driving the
ol whip. The frequency of the whir, derived from the unfitered response
peak and analysis of the osclioscope orbit display, was approximately 1600

rpm throughout. ' \\
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Figure 4.26: Low- and High-Speed Bode Plots, Test SSH-2/1 Luw—

Bl
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SSH--2,71 Amplitudes
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~Figure 4.27: Fitered and Unfitered Ampltude, Test SSH—2/ 1. The scid ine is
the fitered—data curve.
in the test of RRS-1 (ntentional ring fakwre, Section 4.3), that rotor took
~ approximately two seconds, from the occurrence of the crack in the ring, to
shear the FRA bolts and fal into the container. In the test of SSH-2, approxi—
mately one and one-half seconds la;psa from the first indication of rotor imba-
lance unti the shaft- fails. The simiarity of the two falures pointed toward
ring failure in SSH-2. It was later determined that the carbon ring on this
rotor had been cured‘ aécordng to‘a schedule known to produce (nferior)

transverse radial strengths very close to the stress in the SSH-2 rng at fai-

ure.
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4.3.4 Summary

This chapter has dealt with the 100-Wh—rotors tests which had as objectives:
N :

evaluating the novel FRA system, obtaining biaxial strength data for composite'
rotors, proving the carbon-ring system, and colecting data for metal-hub
rotors. Al of these objectives were met: the test data fof this phase are
__s_ummarized n Table 4.7, the critical-speed data from which are plotted against

v

the rotors’ masses and inertias jn Figure 4.28.

- \
Table 4.7: Summary of 100-Wh-Rotor Test Speed Data

Rotor/ Speeds (rpm)
Test Target Achlevaed 1st Critical 2nd Critical

“FRA-1/1 24,000 24,000 2200 | -
SMC-1/1 34,450 40,316 1000 27,900
SMC-2/1 39,227 38,792 1000 29,000
S2L-1/1 51,476  %7,118 850 28,100
s2L-2/1 47,908 51,711 900 29,000
RRS-1/2 30,300 30,957 700 27,100(1)
FRH-1/1  35,000(2) 35,104 920 -
SSH-1/1  30,000(2) 28,423 900 : -
SSH-2/1  30,000(2) 28,560 440 -

Notes: (1) Possible second-critical speed.
(2) 25,000 rpm consldered successaful.

The power—curve fitting to the data (solid curve) gives the folowing relation-

ships for mass and inertia, respectively:

RPM = 2086.7 kg 0-8%
RPM = 319.0 179-29
N
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]
.ﬂ\e ~-0.64 power mass dependency approximation of the thecretical -0.5 vakie
| - -
reflects” both the possidle effect of gyrd ic stiffening of the quill shaft

anfi the error in speed \E

The SMC and S2L tests provided matenal-stren:gﬂ'l data for the ful-size
rotors and, indeed, the RRS-1 prototypa rotor provéd that th; ESR Project
‘design philosophy - was sound 'n‘ terms of strength precicta.bﬁty— and falure- &
mode safety.

The high strengths of the SMC and S2L rotors enabled them to reach and
pass ther second—critical spaeds typified by a resonance pesk broader than
the first critical and with an accompagying phase—angle change of up™to 180
degrees. Although'RRS-1 appears to be just passng second critical at faiure,

according to ampiitude data, the phase angle does not behave as convincingly

[
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“as the SMC and S2L rotors dd Above ‘al, however, the hgh materis!
strengths recorded’ (some of the hg-nest everl)‘ and particularly, the high tran-
sverse (radial) carbo'ri‘—rhé strength, permitted 'a major change in the rator—" "
des:gn philosophy from biannular to single rings for the composite—ub rotors.
The metal—hub rotors’ fitered amplitudes weres not al that different from
each other's, but the phase angles were. FRH-1 mimicked FRA-1 in remaining
in mode two {rotation about the c.enter of mass) whie SSH-1 does not actu-
.aly enter mode two unti near top _speed.‘ H-2 exhbited phase behavior

A

simiar to that of FRA-1 and FRH-1.

The exercise of estimating the FRH-1 ring-hub gap demonstrates the .difﬁ—
culties as.sociated with the method employed 'However-, since this test Qas
primarily intended to examine the symmetry of the kfted—off ring regions, col—
lection and analysis of the gap/speed data was motrvated more by cu.nos:ty '
than any necessity, and consequently, tha variation betweengresults and theory
are unmportant. The gaps around the r’ng, at speed, appeared to ba the
:;ame in the folr quadrants, within the Imitations described.

The phenomenon of oi whip was demonstrated in .odtfloscope photographs
for FRH-1 and'in a fitered/unfitered amplitude plot for SSH-2. The orbit of
the rotor, at the low speed in the oscilloscopa sequence, was near synchro-
nous. As wel, a low-frequency subsynchronous whirl was observed n both
the FRH-1 and in the SSH-1 rotors. .

In summary, this phase of Project testing was very successful, particularty
the RRS-1 prototype rotor test, which paved the way for the fnal phase, the

large—rotor tests.
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Chapter V .

1-KWH-ROTOR SPIN TESTS ,

A

5.1, %roduction s "_

B

As shown in Chapter IV, none of the four rotor designs were disquaified

the 100-Wh spin tests, so four ful-scale, 1-kWh rotors were designed ahd

bult. Of these four, 'three were tested to ther maximum operating speeds

with the .following objectives:- ‘

1. To deveiOp dynamic rotor-balancing techniques for large, axialy—thick,
composite rotors. : -

2. To drive each rotor to its maximum operating speed, at least once.

3. To collect vibration data in order to characterize each rotor's stabﬁty
and dynamic behavior. o -

The four rotor types are shown in Figure. 5.1 and ther physical data are
given in Table 5.1.

FW3 was bult in three versions, two of which (FW3-1 and ~2) were iden—
tical The three versions were made becauses the frst unit fajed at speed
and Was rebuit u.sng the same hub and an identical set of glass/carbon rings
intended for FW4. Redesignated FW3-2, this rotor was derated to 20,000
from 22,000 rpm and was used for several dynamic experiments [51]

The design and manufactu{e of the three rotors proceeded from the data
colected in Chapter [V: the co&poéte-Mb dimensions were based on the biaxi-
al tensle strengths obtained for the SMC and S2-glass Wte materials, and

. - a

- 12 -
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Figure 5.1: Rotors FW1-1, ?W2—1, FW3-2, and FW4-1.

the ring dimensions were based on the stress analyses verified by the ring
radial strength test |

In this chapter, the test procedure for each rotor was the same and is
tHerefore gven only once. Following the _procedure section, results and dscus-

sion are given by rotor, with a common table of results.
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Table 5.1: Design Specifications: 1-kWh Rotors

Dimensions, masses, and polar inertias for the 1-kWh rotors.

. FW3-1

Item FW1-1 FW2-1 FW3-2 F4—1
Construction
Hub Design Disk Disk FRH FRH- SSH
Hub Materiol SMC(1) s2L{2) AL(3) Al(3) M.S.(4)
X Ring Material(S) E/XAS E/XAS E-S2 E-52 E-S2
Y
Parameters(6) . ’
- Diometer {cm) 60.96 60.96 60.96 §0.98 60.96
’ Thickness (cm) B.31 6.28 8.76 8.76 B.76
Mass (kg) 40.9 34.4 37.8 37.4 38.2
Inertia (kgﬂmz)(7) 1.74 1.41 1.89 1.89 1.88
Voluma (m3) . 2.41 1.8% 2.58 2.56 2.56
Speed (rpm) 18,860 24,760 21,900 20,000 21,775
Energy (kwh) 0.94 1.32 1.38 1.15% 1.36
Density (Wh/kg) 23.0 38.4 36.5 30.7 35.5
Lite (cycles) 10°% 105 10° - -
Parformance(8) .
Top Spesd (rpm) 25,770 33,520 29,200 - 32,250
Fallure Mode . Hub Ring E/XAS - E/XAS
Energy (kWh) 1.87 2.45 2.37 - 2.93
Denslty (Wh/k?) 471 76.8 67.0 - 82.1
Notes: ﬂl SMC - sheet molding compound, Owens—Corning Corp.
(2) s2-L - s2-glass laminate, Owens—Corning Corp.
(3) Al - 7075-T651 aluminum.
(4) M.S. - C300 maraging steel spokes, 7075 aluminum |iner.
{5) E/XAS - Hysol Grafl| Ltd., Coventry, UK, carbon flber.
E-S2 = E/XAS outer, S2-gloss inner.

(6) The design parometers refer to the rotor's meximum operating
speed. Speed, energy, aond (energy) denslity are for the max-

C- oparating speed.

environment of —40 to 100 degrees C.

(7) Rotor polar mass moments of Inertia were ¢
{8) These numbers rafar to the rotor’s uJtimate-speaed copabl!ity."

All rotors were designed to opsrgte In on

olc!uled.

Failure mode is the component designed to fall first.

LY AR
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5.2 Procedure

An essential part of ecuipment development for the large-—rotor tests was the
lower catcher design and instalation Both the equipment and method devised
" to istal the massive rotors and the lower catcher has been descrbed in Sec-
tion 32. This procedure requres that the quil shaft be instaled in the turbine

first, and, with the turbine boited in place, the rotor is raised to mate with the
shaft. «

With the rotor sescured to the end of the quil shaft, by means of three set
screws, and with the turbm rotor leveled, dal-guage readings were taken of
the rotor's tit and m_mou.tT if the rotor tit, measured at the crcumference of

the wheel, exceeded 6 mﬂs,17 the torque on the set screws was adjusted

untl the tit was reduced accordingty.

A fast Fourier transform (FFT) spectral analyzer was used for this group
o

of tests and was, used to obtain-individual spectra and pfoduca cascade plots.

For some oi}he tests, CAMAC software 18 was avaiable for logging fitered

amplitude, phase angle, and rpm data. This made possble the production of

Bode plots with data taken at 200-rpm intervals in two planes..

3.3 Results and Discussion: FW1-1 -

Data collected during its eight high-speed tests showed FW1-1 to be a wel-

_ behaved rotor. The data for FW1-1/5 was selected for presentation because

a complete set of FFT and CAMAC data were colected for this test A~

review of Table 52 also indicates that, by test number 5, balance techniques -

.had been sufficiently advanced to the pont where the rotor rgqu'red no fur-

17 Tris arbitrary valie was found through pra.ctico to be the lowest that the
tit could be practicaly reduced to.

18 Courtesy of Luc Menard, University of Ottawa Engine Fuels Laboratory.

T
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ther balancing Therefore, this test is representative of the rotor's response
for al subsequent tests

Fitered amplitude and phase nformation are shown in Figure 5.2 and a cas—
cade plot of the upper plane spectra in Figure 5.3 -

e

rl )J’

Table 52: FW1-1 Test History

Test Static Couple  Resldual Amplitudes(1) Max imum

No. (g-cm) {g~cm”) Plane 1 -Plane 2 Speed
y 42.0 - (2) 1.1 1.8 19,000
LR 2 1.4 - *(3) . 19,000 [ Y
3 6.7 853.2 1.4 3.5 18,450 '
) 4 = - 1.5 4.1 18,830
5 160.0 . 2552.1 ° 0.1 . 0.8 19,015
8 7.0 0.0 - . 19,000
7 0.0 0.0 . . 19,042
g 0.0 0.0 . . 15,000 ;

Note: (1) The residual filtersd amplitude, peak—to-peak, In
mils, at balonce speed (3000 rpm) after the run up
to meximum speed. Residuals before the run up to

‘maximum were typically 1 mil or less.
(2) A (=) In the balance column means no correction.
(3) An osterisk (*) means no data recorded.

The upper plane fitered amplitude is quite flat, folowing the first critical

‘speed. The lower plane, on the other hand, shows a ﬁ!tered—ampl]tudé,
powser—law sp%ad dependency. | . .

After assembly, FW1-1 was checked for concentricity of the displacement—
tra-nsducer targets with respect to the outside diameter of the entire rotor.
Finding there was substantial eccentricity, the target surfaces were ground to
bring them back into concent_ricit_y. However, this now made the targets

eccentric with respect to the quil shaft, as later discovered, by 2.2 mis at



Figure 52: Hgh-Speed Bode Plots, Test FW1-1/5
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Cascade Plot, Plane 1, Test FW1-1/5
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112 degrees and 7.5 mis at 292 degrees, upper and lower planes, respactive—
ly [51] Since the location of the high spot in the lower ‘plane is within 70
degrees of the target's buit-in high spot, this suggests )the lower target is
. moving with respect to the rotor and acting against the lower FRA

The radal spring constants of FW1-1 were expermentaly found to be 64
MN/m when the stiffnesses along and 45 degrees to the spokes v.}ere aver—
aged. Assuming that the centrifugal férce acting on the lower target (mass =
0.728 kg), when its center of mass is deplaced a distance & meters equals

the -sprirg force of ths FRA, then, for equibrium,

*

ke 2

meous

or

k=mm2

At 19,000 rpm, mu2 = 29 MN/m.  Thus, if the addtional mass at the center
of thé FRA phis the screws are taken into XQount, the evidence suggests
that the upturn n the lower-plane ampitude is an artifact, unrelatad to the
rotor's actual motion

The cascade plot (Figure 53 on pags 118) for the upper plane of test
FW1-1/5 clearly shows the 1X (synchronous whir) frequency and the oi-whip
resonance. As concluded by Marchand [51] no single theory explains the 'pe'r—
sistenca of the of whip at substantialy the same frequency when the rotor is
operating above twice its first critical speed.  Figure 54 shows the spe?:trum
for this rotor's uppér plane at 2400 and 18,100 rpm, the lower speed behé
the point at  which the 1X frst exceeds the ol whip in ampiitude, and the high—
er speed being the highest speed at which it was st observable. In the frst
case, the whir frequenf:y is seen to ba 600 rpm, L&, twice first critical speed,
as determined from Figure 5.5; in the second, the ol resonance is 700 rpm, le,

it is substantially thq, same frequency.



Figure 54:

Figure 5.5:
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FW1-1/5 Spectra. Upper-plane spectra at 2400 rpm (L) and
18,100 rem (R). The radial ampltudes n mis are ksted above
each spectogram. .
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Returning to the FRA spoke stiffness, if the flywheel is simpisticaly modeled
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as an undamoed spring-mass -system with spring stiffnesses of 54 and 7.5

MN/m acting on a mass of 40.9 kg, the natural frequenicies are 368 and 436

<

r/s, or 3510 and 4160 rpm. No peaks are observed at these frequencies in

the cascade plot

5.4 Results and Discussion: FW2-1
Balancing this rotor was far mére tme consuming than FW1-1, requiring over
1QO runs to redgc;e its ampltude sufficiently to permit continuing the test to
maximum design speed During this time, the ful potential of the DVF2 was
realized. This instrument has a feature that enables one to produce polar
plots with an x-y recorder. In the process of doing this, one nuls out what
is called an initial, or s!ow—rol, vector 19 with potentiometers in order to haLve
the plot start at the ongm. Using this feature, it is possble to measure the
initial  vector and marnually subtract it from al subsequent ampitude/phase
readings. After using this laborious technique for some time, it was pointed'
out by another DVF2 user0 that, although the 'nstryment manual is sient on
the point, the nuling feature can be used at al tmes to agtomaﬂcaly subtract
the initial vector. This feature was used consistently with good results after
Test FW2-1/4. )

Table 53 gives the speeds attained in the four attempts, along with balance

correction data and residual amplitudes at balance speed, taken after reaching

the maximum speed.

.7

19 Caused by shaft bow, mechanca] and electrical runcut, misakignment, and
bearings. -

20 pay| Kim, National Research Councl of Canada.
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Table £3: FW2-1 Test Hstory

Test Static Couple Residual Amplitudes(1) Max Imum

No. {g-em) (g-cm®) Plane 1 Plane 2 Spead
1 817.9 -2y 1.4 1.8 16,300
- 2 3.0 1768.3 1.1 1.1 18,750
3 87.3 456.0Q 3.4 . 22,000
4 _107.3 ' 288.0 0.7 1.4 24,787

Note: (1) The residual filtered amplitude, peak-to—peak, in
' mils, at balance spesd (3000 rpm) after the run up
to maximum speed.
(2) Not computed.

Figure 56 is the cascade plot for test FW2—1/:4. n ths plot, the resonant
.o whip cﬁsappear;s at 8,000 rpm, coincident with an increase in the 1X amph-
tude. This is consistent with the explanation of this phenomenon given previ-
ously, le, as the shaft loading due to imbalance force exceeds the hydrody-
namic ol pressure, ol whirl ceases. [t should be remembered that the FFT
analyzer analyzes the signal drectly from the displacement sensors, ;a.nd there—
fore "sees” all real and apparent rotor motion, t}{e latter inchucing mitial vectors.

The fitered amplitude/phase data avaTable for FW2 =1/4 are glven in Figure -
5.7 and comprise fitered amp[itudes up to speed, but phase angies only up to
1500 rpm. From these plots, the nonfnear upper—plane ampltude growth pat-
tern and the first critical speed are ascertained = The™ upper—plane fitered
amplitudes versus speed 'were recorded with an x-y plotter for the final three
tests in Figure 5.8. This figure represents the rotor's imbalance reépgnse for‘
these three tests, from which it could be inferred that the balancing procedure
in use at the time actually had an adverse effect. If the amplitude restrictions

in effect for earfer tests had been relaxed for test FW2-1/3, it is possile
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» Upper-Plane Cascade Plot for Tast FW2-1/4 -
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Figure 5.7: Test FW2-1/4 Bode Plots
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that the rotor might have achieved maximum speed sooner and with a lower

amplitude.

) ) . 1] 20
' RPM x 1000

Figure 58: Ampltude Bode Plots, Tests FW2-1/2, /3, & /4

5.5 Results and Discussion, FW3-1

After several static :;md moment balance runs, FW3-1 was accelerated slowly
{19 rpmfs to 13,200 rpm and 15 rpm/s thereafter) taking 21.3 minutes to
reach 21,985 rpm.  Using the refined procedures, this rotor was so wel bai-
anced that it had an amost mperceptble first—critical speed resonance, fol-
lowed by a shallow, linear ampftude rise which, at 15,000 rpm, increased in

slope but remained inear (Figure 5.9).

25.

At maximum speed, the rotor went .out of balance, contacting the upper .

" and lower catchers. Within one video frame (1/30th of a second or 122

rotor revolutions) the displacement transducers were destroyed, as evidenced
by the disappearance of the osclloscope display. Ninety-six seconds later, the
shaft faled and the rotor was supported by the catchers alone. The rotor

—~% .
came_to rest in the catchers 8.5 minutes from the time of the hnitial imbalance.
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e FW3E-1,70 Amphitude '\'\fr:‘\)

5
1y
4

Lils

.......................................................

Figure 59: Bode Plots, Test FW3-1/1. High-speed (L) and low-speed (R} fi-
tered ampltude versus speed, upper-plane data. The caption

(CRIT) is used on al low-speed plots. No phase data were
recorded,

Inspection of the rotor revealed a crcumferential crack at 60% of the car—
bon ring radius. ft was eventualy concluded [10] that the ring had been sub-
jected to premature curing due to a falure in the resin—bath heater which

resuited in a measwed transverse radal strength of 21 - 22 MPa, compared

with the a_nalyiical stress at falure, 20.8 MPa
The growth pattern seen in the upper plane of Figure 59 was frst noticed
n the FRH-1 r response which, instead of two Inear regions, has four with
inflection points near 14,500, 22,500, and 30,000 rpm.
Whie most of the smal FRA—momt_ed rotors have dsplayed near-inear
growth, none have shovyp an inflection to a second knear regon .Neither s

SSH-1 (and -2) nor the large FRA-type rotors behaved in a Inear fashion at
al '
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Upper—Plane Cascade Plot, Test FW3-1/1
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Theocmenceofﬂiéphenomenonishcedtotheﬂex—rintubwﬁchhas
a variable stjffnesé due to the initial interference between hub and ringls). 53
the rings grow with speed, there comes a point where they ift off of the hub
at the spoke diameters, shown to be at 10,000 rpm for FRH-1 and calculated
to be at a smiar speed for FW3-121 At this pont, the ring is supported by
the flexble rim of the hub alone and can, i not itself in Mect balance, load
thé now ‘more fiexible hub in such a way as to increase the mass eccentricity.
it is beyond the scope of this thesis to analyze this behavior in detai, but it
can be stated that fitered-amplitude growth results from the balance between
forc't.'sg functions (static and couple irbaWS) and restoring functions (shaft
elasticity, gyrodynamic torque, hub elasticity, and internal and external damping).
The evidence for rﬂwe/ir;ar—hear behawor of FW3-1 points toward variabiity
in the hub's elasticity.

Thé cascade plot for FW3-1/1 is reproduced in Figure 5.10 on page 127
and shows the rotor ‘to be @et at al but the 1X and ot-whip frequencies.
The uppef;plana spectra taken befora (21,820‘rpm) and at fature (21,898
rpm) are shown in Figure 5.11. The onset of the ring falure was accdmp:mied

by broad-spectrum noise, as captured in the latter spectogram.

21 Project software cakulation, RC. Fanagan
\ - .
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Figure 5.11: Spectra Near Falure, Test FW3-1/1. The spectra are 2OC rpm
‘before faiure (L) at 21,820 rpm, and very close to faiure, at
21,970 rem- (R

5.6 Results and "Discussion, FW3-2
The hub of FW3-1 was removed from the faled ring system and installed in

an identical set that had been buit for FW4-1. Since the carbon ring in ther'

new system was mamfactu.red under circumstances smiar to those of the

failed ring, it was decided that FW3-2 should be derated to a maximum oper-
ating speed of 20,000 rpm, a speed that it achieved on many occasions.

FW3-2 shows the same knear-inear behavior as FW3-1 (Figure 5.12).
" Referring to Table 54, the trebing of correction weights (both static and
couple_) at simiar locations, between Tests FW3-1/1 and FW3-2/1, suggests
that the rotor's imbalance is attributable, n part at least, to the 3righﬂy—-
damaged hub. This is a plausible reason because the new ring system 'ristalled
between FW3-2/1 and FW3-3/1 did not significantty affect the amount of
balance v:reight required

The cascade plot for FW3-2/1, upper plane, i8 reproduced in Figwe 5.13
and shows a somewhat higher overal 1X ampitude than FW3-1. This is
emphasized by the reduction in ol-whip as wel
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Figure 5.12: Bode Plots, Test FW3-2/1
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Figure 5.13: Cascade Plot, Upper Plane, Test FW3-2/1
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Table 54: FW3 Test Hstory

Test Static Couple Residual Amplitudes(?) Max Imum

. No. {g-em) {g-em?)  Plane 1 Plone 2 Spead
FW3-1/1 103.4 480.1 - - . 21,898
FW3-2/1 303.4 1680.2 0.2 0.4 20,000
(2) - - - - -
FW3-3/1 300.6 1142.3 - - 21,345

Note: (1) The residual filtered omplitude, peak-to—peak, in
mils, ot balonce speed (3000 rpm) after the run Up
to maoximum speed.

(2) FW3-2 wos used extensively for other experiments.

The critical-speed plot for FW3-2, representative of al three versions of

FW3, is shown in Figwe 514 and yields a value of 405 rpm.
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5.7 Results and Hscus&ion, FW3-3

The origina) FW3 hub was instaled n a new ring system designed to reducs
the transverse stress in the carbon ring whie ncreasing the transverse stre-ss
in the glass ring [101l Although the projected fakure mode for ths new rotor
was transverse falure of the carbon ring, intialy, and, after fatigung, n the
‘glass ring, the glass ring faied at 21,345 rpm dumg its first test. This faiure
.is marked on Figure 5.15 by the near-instantaneous rise in fitered ampitude
from 3.5 to 9 mis at falure speed |

Quite unike FW3-1, this falure merely resulted in a sightly increased armpi~
tude' and, indeed, was not recbgized as a rng fahure untli the rotor was
inspected afterward This was so unexpected that some time was spent
searching for evidence of some other cause, when the cracked ring was
observed amost accidentally.

In the case of the earier carbon-—ring faiure, tensie tests showed the ring
to be weaker in the radial drection than expected and led to corrective

action In this case, tensie test results of 19.77 +/-167 MPa for eight speci-

22

mens<< were very close to specification as determined by previous tests [10]

The conclusion” drawn is that a local flaw, perhaps a surface crack initiated
duriné hub insertion (the hub was cooled by darrm':\g its lower surface and
filing it with liquid nitrogen) precipitatad the faiure.

The tascade plot for this test. Tgure 5.16, gives no ndication of any prob-
lem except, of course, after the fact. The fahre began just as the final

spectrum was being taken, as indicated by the spke in the 1X frequency at

maxmum speed.

22 Munro, personal communication



134

Figure 5.15: Bode Plots, Test FW3-3/1
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Returing to Figure 5.15, the phase dscontinuity at 14,000 rpm, upper
plane, coincides with the ampitude inflection -po'nt The straight, horizontal
phase trace up to 14,000 rpm means that the fitered arrplitude was too low
for the DVF2 to measure. When this occurs, the DVF2 registers "Phase Held"
a;nd continuously displays the last measured phase ange. Obviously, some '
type of unbalancing event had occurred at this point

Corr;pari-\g these results with Figure 5.12 on page 130 a simiar patter"rii is
evident, except that the phase discontiruity takes place n the lower plane
during Test FW3-2/1. This could be significant, or might Ju.st mean that the
balance correction weights were appled sightly differently for the two tests. -

The ﬂtered@rrpitude/speed plots for the three versions of FW3 are repro—
duced in Figure 5.17. There, the sigrificance of the coincidence of balance
condition change at 15,000 rpm for the thres rotors is evident.
~ The cascads plot for FW3-3/1 reveals the same basic elements with two -
exceptions: the ol whip resonance dsappears twice, then reappedrs and the
ring falure is_'r'mfrked by the spB(e at 21,283 rom  The change n the ol-whip
resonance is most kely attributable to shaft loading and unloadng caused by
changes in the balance condtioﬁ. This correlates with Figure 5.15 on page
134, upper—plane ampltude, which shows the load decreasng at 4500 rpm,
then increasing at 9,000. Whip occurs next at 'the nﬂectic:n point, marking the
- subtle, but consistent change in the' rotor's balance concitior:
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Figure 5.17: Fitered Ampiitude Versus Speed FW3 Rotors. Data are for the

upper ple in each case.- The iegend"&enotee the verswn of
FW3. :

5.8 Kesillts and Discussion, FW4-._I

. FW4-] was assembled, in the manner described_ n Section 3.1, using the bian-

nular ring ongr'\a.ly ‘buit of FW4-1, but used tenporariy for the FW3-2 rotor.
This rotor showed a large static mbaJance on a knife eage ‘and an even larger
moment imbalance in the chamber {511 This was due to large runout and tiit
values which arose from the spring plates, the arbor itself being quite concen-

tric with the turbine shaft

The hub was dismantled and rechecked for cimens:onal accuracy. Several

‘defects were corrected and the hub reassen'bled such that the smal amount

of separation between arbor/spoke plate/bushing that was found n the first Q
assembly was eliminated



ina false reading.
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‘Nonetheless, afthough the runout was recuced margnally, the tit increased

.by an order of magnitude and further attempts to balance the rotor were

abandoned This prudent .decision was based on the exceptionally lafge ampi-

tudes encountered during.the balancing of the rotor as originaly assembled

5.9 Summary

In the large-rotor tests, the two FRA-mounted, composite—hub rotors, FW1—1

and. FW2-1, reached ther maximum design operating speeds with differing
degrees of difficulty. FW1-1 balanced readly and reached speed for the first
time after a modest number (15) of balance trials. FW2-1,.on the other hand,

required mémy more, namely 130 trials, includng three high-speed ?Efempts,

before it succeeded _

After FW2-1/4, balance procedures were changed to utiize the nuling
function of the DVF2. Had this feature been used earier FW2-1 might have
balanced wrth fewer runs and achieved speed with lower Mum On the

other hand, it has been shown that if an eccentricity is introduced, as when

the arbor targets were reground, the speed-s forcing function on the

lower arbor target, n particular, is an effect t be nuled, and results

FW3 is superior to the composrte—-hub rotors in that achieving good con-

" centricity is less of a problem Conc:dentaly, improved balance procedures

helped to bring FW3-1 up to speed after only_11-bfance trials. The ring fai-
wres n FW3-1 and -3 were explcable and inexpicable, respectively. Tensile

tests of tha faied FW3-1 carbon ring proved that a manufacturing defect

\_

was responsble. Not so for FW3-3. Only the test of a new ring system,
- : . ,

" with every possble precaution taken durmg manufacture and assemby, wil

N
finaly confirm the FRH-ring design.

-1

P

J
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The fnear-inear fitered-ampltude behavigr was evident n al FW3 rotors,

sharing a common 15,000-rpm transition event.

A summary of the significant data for the 1-kWh rotor tests is given in

21.898<;

Table 5.5. —
Table 55 1-kWh-Rotor Results
Speoedsa Stored Energy

Design Achlieved Energy Denslty

Rotor (rpm) {rpm) { kWh) {Wh/kg)
b Fw1-1 19,000 19,042 0.98 241

FW2-1 24,787 24,787 1.32 38.3
FW3-1 21,898 21,898 1.38 . 36.5
FH3-2 20,000 20,000 1.15 30.8
FH3-3 21,345 1.31 34.9




Chapter VI

CONCLUSIONS

in this concluding chapter, the thesis object:ves and the results of the research

. are brought together in order to measure the degree of success achieved

6.1 STF Development &

Starting. with a test cel, a. vacuum chamber, twbine controls, ar supply, and
audio-visual monitoring system, a worid—class spin-testing laboratory has been
estabished at the University of Ottawa. The capabiities of this facity have
been expanded in thé areas of vibration control and monitoring, analog and
digital recording., computer control, dynamic analysis, rotor-temperature moni-
toring, and vacuum-pressure control .

6.2 ESR Component Pcrformancc Evaluation

In the 100-Wh-rotor test phase, a flex—im attachment (FRA) :énd.two metal
hub designs were tested as components. The FRA and FRH rotors were very
wel behaved and exhbited simiar characteristics The successful FRA test
permitted compositerotor testing, and the FRH testing proved that particular
rotor—hub .coricept to be viable. The second metal-hub rotor, SSH-1, met its

targets as wel, although not as consistently or as wel as FRH-1 dd h an

experiment to test the SSH concept with a higher-inertia ring, the first mg—
manufacture defect occurred, destroying the rotor. In this instance, the only '

shortcoming in the STF was the lack of a lower catcher system that would

- 140 -
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\\ﬁkely have saved the rotor, in view of the’ catcher's later success in saving
the 1-kWh FRH rotor, FW3-1.

’

6.3 Material Strengths
Five material-strength tests were carried out, yieldng consistent results for the
two SMC bursts and the two S2L tests, the second of which resulted i a -
burst only. after the disk was weakbned with a central hole. The most impor-
tant test n this series was the ring—radal strength test I not only valdated
the Project ring design and E:_oncomita.nt stress analysis, but convincingly dem-
onstrated that composite rotors can be buit to fal n a manner 36 safe as to
require minimal containment. ,

The success of these tests rested on capabity of tha STF to perform
‘them. Two of the most significant factors in)this success werse the acquisition
of a very good ar turbine, and the implementation of rotor balancing This,
coupled with the abiity to accurately monitor the rotor's motion, eventualy

made spin testing quite routine.

6.4 1-kWh-Rotor Performance

Buidng on the experience with the smaler rotors, and with the instalation of
additional equ:pment particularty the lower catcher system, large—rotor testing
Ilkewise soon became routine. Of the three rotor# testedd, FW3 proved
superior on the basis of alignment, ease of balance correction, and repeata.bi—
ty. The fact that two ring falures occurred does not lessen the overa..l
strong points in this rotor, but it does suggest that thers I8 room for

improvement in manufacture and assembly.
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The fourth rotor design, FW4-1, apparently suffered from an alignment

problem that was correctable on the smal SSH rotor, but not the large one.

Although an attempt was made to balance it, the amount of runout and tit
made this mpractical o

During the largerotor testing, the addition of digital data acquisition and FFT

analysis increased the data-anajysis' capabfity considerably. The performance

L4

of the large rotors was, accordingly, easier to assess.

6.5 Conclusions
The University of Ottawa Rotor Project. has - contributed significantly to the
boq); of fber—composite flywheel technology. Part of ttisl contrbution was
due to the Spin—Test Fagity‘s capa.biﬂes which met or exceeded expectations.
and which are equivalent to laboratories descrbed in the Herature.

in the STF, the unprecedented through—driling of composite Mbs was prov-
en not to weakgn the disk specimens which-were shown to fal at therr cen-
'ters.' Repeatable SMC biaxial strength, values wers obtained and the highest
aver S2—glass laminate faiigre stréass was recorded. These material tests, plus ‘
the ring radal strength test, al supported the through—crling concept (and FRA
design) and are l'n themsetves sigvﬂcant contributions. |

The RRS t-estr and the two unplanned FW3 ring falures are kewise signifi-
cant in proving the safety of the benign riig falure-mode approach. The FW3
g!ass—r'ng fadure, particularty, ensures that contanment requirements can bhe |
rinirmized, |

The thesis objectives may therefore be-said to have been successfully met )
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