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ABSTRACT

The Qoals of trlis/ project wers to ensure t?e»p:pper interpretation of the
dynamic responses of high speed, high energy density fibre composite rotors
under dynamic spin test condtions and fto verify each rotor's capacity in
maintaining acceptable levels of vibration, at the University of Ottawa spin’ test
facility. | |

The primary objective was fulflled by the development of suitable balancing
procedures to elminate all the synchronous forcing functions acting upon the
?‘otating system. Because of the system's inherent strong cross couplng, a
special approach to balancng was developed in that the drect applcation of
avaijable’ dynamip balancing procedures was not effective in achieving a high
precision state-of-balance. Further, vectorial compensation within the balancing
computations or signal nuling at the source was required to account for the
runouts due to the buidup of machining assembly, misaignment and tit
tolerances of the pendﬂousiy mq.xnted rotors. A complete set of high speed
rotor dynamic experiments were "conducted to assess the effects of each of
the above mentioned parameters. This work culmnated n a study of rotor
retrograde whirl 'nducéd by pure moment imbalance and was shown to correlate
with classical gyrodynamic theory,

Plagued by subsynchronous vibrations once the imbalances were reduced, an
investigation by the author revealed the cause to be related to the squeeze fim
bushings in the damper unit of the high speed air turbine which were behaving

. @5 journal bearings. The hyckodynarric nature of the problem entrained a



‘multitude of experiments, based on horizontal and vertical hydrodynamic models
of journal bearings. The experments ranged from bearing hole enlargement,
bearing materials modfication, replacement by roler element bearing to bearing
configuration mocﬂﬁcat;r: ;_ome of which were quite effective in controfing or
elimnating the resonant ol whip—dry friction phenomenon

The final rotor balance evamation tests revealed that the composite hub
rotors'experienced some mass shiftng or component seating during their first
several runs to maximum or désign speed Thereafter they became very stable,
repeatable and predictable. On the other hand, however, the metalic hub rotors
did not, show any such behavior, once balanced they retained that balance.
Further, no evidence of mass shifting (or creep) in the wet—flament wound fibre
composite rings could be inferrec!l ‘from any of the rotor tests or dynamic'
experiments.

Thus, from both the balancing and' state—of-balance retention points of view,

the metalic hub rotors were the most desrable. Due to these characteristics,

they were used for al of the high speed rotor dynamic experiments.
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Chapter I
INTRODUCTION

Optimization and performance studies conducted on flywheel hybrid
powertrain systems, éuch as a Heat Engne/ Flywheel/ Contmdusly Variable
Transmission configuration, for vehicle propulsion in urban duty cycles clearly
indicated that substantial improvements in fuel economy would result [18,23,25]
Further, a number of prototype vehicles have demonstrated such drives both in
the US. and Europe. For example, the conversion of a Ford Pinto to an Internal
Combu-stion Engne (Otto)/ Steel Flywheel/ Contimuousty Variable Transmission
propulsion system at ?m University of Wisconsin demonstrated a 5(-).‘;
improvement in fuel economy. AWork is now under progress for a
second-generation design aiming at a 100% mmprovement [12] The University of
Wisconsin effort has proven the concept to be viable and with the advent of
fiore composite technology for flywheel rotor construction, the outlook is even
brighter. ‘These high-strength, ight-weight materials offer two major advantagies,
namely: high specific energies and safe, even benign, faiure modes.

gFhere has been an ongoing research program since the swrmer of 1979 on
high energy density fibre compositgs rotor design, manufacture and testing at \the
University of dttawa " department of. Mechanical Engneering Extensive rotor
design studies, based on the properties of these relatively unprecedented
anisotropic materials, [19,20,37,38,3é,40,41l wete the mainstay for the
establishment of a dynamic spin test faciity. Proof testing of rotor components

and final rotor assembles, through actual dynamic loadng, was mandatory in

)= 1

e



2
order to determine and correlats the ciffere.nt materials’ ultimate strength's and
falure modes, as wel as to evaluate and assess the dfferent fbre composite
flywheels designed as being competitive and troublefre; energy storage devices.
Such tests require precision balancing and a thorough understanding of dynamic
signal analysis and interpretation S

All research was conducted in the high-speed spin-test faciity developed for
the composite rotor program [32] This laboratory provides precision rotor
dynamic monitor and signal analysis and its layout, equipment and mc.;nitoring
systems are described in Chapter 2.

A balancing technique was developed and implemented for these flexibly
mOt‘.lnted, overhung composite rotors, This task proved to be aquite elusive in
that conventional rotor halance practice was not effective. Th‘ajsubject,
together with a reviéw of bala.nce theory, is presented in Chapter 3.

As mentioned above, an mportant aspect of the rotor test program ‘was to
evaluate rotor dynamic response over its operating speed range. This 65jec¢ive
is particularly significant n composite rotor designs in that rotor dynamig
instablity and/or the loss of rotor balance (mass shiftng) has accounted for
many, if not most, rotor falures. The root problem les not only in the high
rotational speeds of composite material rotors but also, and primarily, due to
‘their material properties. The high-strengh, moderatelyJow-modulus composites
experience very large radial growth patterns over ther operating speed range.
Thus, component radial compatiblity and mass shifting Is an inherent problem and
rotor designs/components must account for this It could be noted that al
rotor components and rotors (except metalic smulators) nvolved in this work
employ specialy d\asigned radaly expanding hubs ‘or shaft attachment systems.

Thus, it is necessary to separate () drive system induced from i) rotor state of
SRS
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balance induced'from {in) rotor design/behavior induced dynamic response. In this
light, interpreting rotor dynamic response signals became, as with balancing {which
is integral with. this problem), quite elusive. As such, a number of dynamic .
experiments and system evaluation studies were conducted. This research
component is reviewed in_ Chapters 4 and 5.

The focus of thi-s thesis is on rotor balancing and the problematic dynamic
responses encountered Many researchers n the flywheel fiekd have attested to
the different problems encountered in spin testing [2,3,13,31,45,46,47,48,439]
precipitating a series of \mode!ling stucdies of the pendulously mounted rotor
configuration [4,7,31,52] AIthOLfgh a tremendous amount of work was done
prior to the selection of the final four fire composite rotor designs, this thesis
shal concentrate on these last four rotors, since they repraéent the apogee of
the research program. More specificaly, they are the concluding proof tests of
the balancing procedures devsloped for the "High Energy Density Fibre Composite
Flywheel Research Program’. This work is presented in Chapter 6 and general
conclusions are given in Chapter 7. I summary, the ob;ectlves of this thesis
are:

1. to establish a high speed, precision balance laboratory;

2. o to establish a balance technique effective for high-energy—density fibre

composite rotors in a flexible, overhung mount;

3. to assess the dynamic response of such rotors to a known state of
balance; and .
4 to evaluate each rotors’ abiity to retain its state of balance throughout

its operating speed range and cyciic operation



Chapter II
SPIN TEST FACILITY REVIEW

An overview of the spin test laboratory, pertnent to this thesis, is given
below. The author refers the reader to referencel32] for a complete
description of the faciity. Figure 2.1 depicts the overal laboratory layout with
its prime constituents, Missing from the figure is the automaty( c':a‘t.rol and
monitoring (ACM) system which is located in the adjacercw_t fL::ls testing engine
laboratory. °

The chamber is set up on a vbration isolation pad Safety features from
the layout include: below grade location of the vacuum chaniperr flow~through
.ventiiation in the test chamber rcom and the separate location of the c;ont‘rol

room:
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2.1  Test Laboratory

The heart of the test laboratory is the vacuum chamber where flywheel
balancing and high speed dynamic spin tests were performed.

The chamber has a verticaly hinged front door with welded in steel
containment designed to swround the flywheel once the door is closed.
Pr;swislog and modifications were_made{32] to accon'\moc;ate equipment required
for spin testing, balancing and thorough monitoring of the dfferent dynamic and
environmental parameters. The physical rotor drive untt is a 60,000 RPM
high-speed 4" bi-drectional Barbour Stockwel ar turbine, model 2702, with
damped drive. Figure 2.2 shows a crossectional view of the turbine.

The test chamber is also equipped with rotor vbratiéﬁ instrumentation,
instrumentation feedthroughs, viewing and Ighting ports, a temperatwre monitoring
port, vacuum pressure gauge, vacuum pump hookups and ar or nitrogen quick
purge and controlled bleed hookups. |

The chamber, when viewed from above as in Figure 2.3 with the front door
closed, features many of the principal components. The tubine occupies the
central position and is seen with the drive and brake ar supply ines, the damper
ol supply and scavenge with thermocouples as wel as the bearing mist
lubrication hose. Bshind it are the instrumentation feedthroughs and to the right
s the Modine non—contacting infrared temperature sensor head, series 8000,
folowed by a Vacuum Genera] CMT capacitance manometer used to measure
pressures below 1 Torr. A Granvidie-Phiips Prani-type vacuum gauge series
275, for pressuwres above 1 Tormr, i3 mounted below. The rightmost piece of
equpment is a SOL-124 lubricating unit, also shown n Figwe 2.4, used to
supply of to the turbine damper section with ol pressure remotely controled via
a D%tw driven valve. —

-
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To the left of the tubine from front to rear is one of the quick purge
solenoid valves and the Vacuum General magnetically actuated proportioning
valve, model 79-6A, folowed by an obliquely mounted Sony SL-5800 camera
and ons of two Bruet and Kjaer strobe lkghts. Below is the Edward's inlat dust
fiter/valve (model ITF 100} which isolates the vacuum pumps from the vacuum
_ chamber, which is shown Figura 2.5 to the right Finaly, on the same lower level
as the SOL-124 lubricating unit, but in the left comer of the laboratory, are the
vacuum pumps. They are comprised of an Edwards roots blower rno-del EH250,
backed by a two stage rotary pump model E2M18. The vacuum pump

assembly is shown in Figure 2.5 with the roots booster pump on top”

Figure 2.3: Top Outside View of the Vacuum Chamber. .

Wuﬂm the chamber, Figure 2.6 displays the upper and lower catchers which
restrict lateral motion of the rotor to 20 and S0 mis (1 mi=0.001 inch) .

X



Figure 2.4: SOL-124 Lubricating Unit.

respectively, as wel as the upper and_.iower probe hoiders. Each probe holder
held two Bentley Nevada non—cintacting 5 milimeter proximity probes, series
7200, having an 80 mis knear range between 10 and 90 mis. The probes are
mounted at right angles to each other (Figure 2.7) for orbit analysis. A fifth
probe, instaled above the upper probe hdder caled a key phasor probe,
provided a;.c‘mce per shaft revolution reference pulse requred for phase
information, balancing and nonsynchronous vibration analysis,

Figure 2.8 and Figure 2.9 present views of a typical rotor instalation in the
vacuum 'd‘tambe)r, ready for either balancihg or testing LS1, a ful sized
aluminum smulafor [32] is shown pendulously mounted from the nominal 5/16°
OD. turbine high precision qull shaft, as were al the rotors tested The upper
and lower proﬁe hoiders, as wel as the upper and lower catchers, are visble.
The probes are rated to 600,000 RPM for dynamic monitor and were calbrated,
against the probe target materials used, in the laboratory.



Figure_2.5:

Vacuum Pumps and Inlet Dust Filter,”

10
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The instrumentation and control wirng were carried to the control room via

an instrumentation cable tray.



Figure 2.6: Inside View of the Vacuum Chamber.

~

Figure 2.7: Lower Probe Holder.



Figure 2.8: LS1, Top View. Full Size Aluminum Simulator Installed in the
Vacuum Chamber.

Figure 2.8 LS1, Bottom View. Full Size Aluminum Simulator installed in the
Vacuum Chamber. :
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2.2 Control Room
The monitoring, data processing and control equipment wers rack mounted in
the control room as shown in Figure 2,10, I addition to the rack mounted
equipment, there were a Gould four channel thermal strip chart recorder series
2400 with two thermocouple ampifiers (not shown), an ONO SOKKl mini FFT
analyzer system (right} and the ACM system located in the adjacent fﬁels testing

engine laboratory.

Figure 2.10: Console.

2.2.1 Left Console

.

The left console heid, from top to bottom (Figure 2.10) a turbine ar supply
pressure gauge, damper ol inlet and outlet temperature - displays, rotdr
temperature display, vacuum pressure dsplay and pressure controler, main

control panel.and video recorder. The main control panel was comprised of: (i)
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interlocked vacuum pump power switches keeping the booster pump from

operating without the rotary pump; (i) twbine mist lbrication power switch; (i),
turbine damper power switch; {iv) turbine manu‘ai or computer controled drive
and brake air supply switches; (v) vacuum isolation valve control switch and {vi}
vacuum tank quick purge switches. Sfatus annunciator lights accompanied each
of the controls. The video recorder provided a.complete audio—video record of
each test. This included a contiwous audio {mixed) of both the control room
commentary plus the test chamber/rotor sournds and a continuous video. The
video used a spltter and a three—camera system which included either rotor
‘close-up’ or rotor general view plus a continuous dynamic/RPM display.

{
2.2.2 Center Console )

The center console consisted, from top to bottom, (Figure 2.10 on page 14)
of a speaker panel with a Sony mni-video camera monitor relaying damper
pressure settings. Below Was a six charnel NEC SAN-Bl 8K20 series thermal
strip chart recorder which- Ioéged the folc.>w’ng data: fitered and drect vibration
signals, RPM, chamber pressure and damper ol inlet and dutlet temperatures.
lLocated in this console below the chart recorder was the Barbour Stockwel
turbine drive—control panel with overspeed shutoff and throttle settings folowed
by the Bruel and Kjagr type 4911 motion analyzer driving the two Bruel and
Kjaer strobe fights for flywheel #umination in the chamber. The bottom panel
held icamerﬁa .power switches, a VIVCON industriss V27SP inSerter/spiitter, a

camera selector switch, damper pressure control switch and vibration monitor

reset switch N
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2.2.3  Right Console

The top panel of the right console (Figure 2.10 on page 14) contained
vibration monitor power and select switches, annunciator fights and the auto
sweep box for the Bently Nevada Digital Vector Tracking Fiter {DVF-2).

Bensath was the Bently Nevada vibration morator serias 9000, supplying
power to the proximitors and monitoring the direct vibration signals from the
X-Y probes inside the chamber. The monitor had presettable vibration levels for
alert and danger condtions within its 0 to 20 mis range. After three seconds
of each preset condition, relays would be activated to switch on anpunciator
ights or shut down some equipment, such as the main ar solencid, cutting off
drive air to the turbine. |

Beneath the vibration monitor was the DVF-2 dsplaying either fitered,
unfitered or notched vibration ampftudes n mis or micrometers, phase ange in
degrees and rotor speed in RPM The DVF-2 also featured a nul module for
nuling out initial runout vectors by summing corrective X and Y ebmponents into
the filters, plus simultaneous X-Y-Y plotter outputs for n—phase and quadrature
to produce polar (Nyquist) plots for each chanmel - This unit -had a 100 to
100,000 RPM operating range. The DVF-2 can be used to produce spectral
{cascade} and Bode (vibration ampitude vs RPM) plots. However the ONO SOKKI
mini FFT analyzer system was used extensively for signal analysis, thus, the
DVF-2 was used for ba.!/anchg and providing DC signals to the thermal chart
recorders and the ACM system |

A Tektronix oscmoscope- was rack mounted beneath the DVF-2 and, -
displayed either drect or fitered X and Y vbration signals or rotor orbit
pattens. In addition, a Polaroid scope camera was available to take Went

records of the different dynamic phenomena encountered The last item was a
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video—monitor used for displaying selected views of the Spnnng flywheels in
conjunction with the DVF-2 LED, display via the VIVCON video spitter.

On ‘the far right, set on a cart, was the ONO SOKKI CF-920 mini FFT
analyzer system with active anc} disk storage capacity. Power spectral analysis
was performed using this unit instead of the DVF-2 -  auto sweep box
configuration. |

2.3 Automated Control and Monitoring

The ACM system shown schematicaly in Figure 2.11 accomplished data
acquisition, moenitoring and control of the spin testing events.

The Lecroy 8212 digitizer {100 KHZ) card converted the analog fitered
ampltudes, phases and RPM signals which were then analyzed and stored on
floppy disk by a Digital LSl 11/23 mini computer.

An HP 1000 mini computer later transferred the acquired data (ampitude
anci phase from each plane, RPM and elapsed tme) from the floppy dsk onto

the AMDHAL mainframe computer. Spectral data from the Ono Sokki- mini FFT
R .

A

analyzer was also transferred via thh HP.

The control software activated either the drive or brake solénoid to the

turbine through a Kinetic Systems 3080 output register.

&
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Chapter IIT
BALANCING

In their survey on acceptable residual specific imbalance, Muster and Flores
[35] recognized the difficulties encountered in the field of balancing when they

observed that "achieving better balance in rotors is primarily an art”. In this

research, the difficulties enc‘ntered n determinng which balancing methods and
téchniquas to use, which r:otor rotational speed to balance at, and at what point
the procedures should be applied to the rotors being manufactured al support
Muster and Flore's observaton. I tryng to elminate al synchronous forcing
functions acting on a rotating element trrodgh balancing, the balanc'rig sngineer
wil [kely be facing other problems related ' to nonsmooth operationn For
example, misalignment, shaft deflection, aerodynamic and hydrodynamic effects,
etc, are common a.nd’ 6ne cannot take a casual approach to applying known
“balancing methods in the ﬁelii Each system réquires diigence and study in order
to devise and ”se!_ect the proper procedures to balance rb‘tat:ng machines.

These facts f;lake balancing a fundamental anveerng concemn from design
through assembly and operation of rotating machne. Faiing to consider the
hnportameofba!anchgeariyhadesimn@trewhhddayhgorevmharthg
research and development work involved with rotating machinery. | As discussed
n éhapter 1. this is particularly true of composite mat;ria.l rotors, an important
fact which Ultimately lead the second MAN Neus Technologie flywheel research

program, in 198071 to fadure.

.

! From a personal communication to Phiio Miler by Gunter Besel of MAN Neue
Technologie, dated October 16, 1985

- 19 -
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3.1 Balancing Methods and Techniques

There are two major methods avadable for flexble shaft rotor balancing,

‘nameiy; the Modal Balancing Method and the more recent Infience Coefficient

Method, the latter technique being applicable to rigd shaft rotor balancing as
wel. Further, a unified approach is under deve}opfmnt where features from

both methods are being ncorporated[24l

3.1.1 Modal Balancing Method ‘

The modal approach requires knowledge of a rotor's principal modes of
vibrations. These can be calkculated by analytical methods such as that of
Mykelestad {lumped masses connected by massless beam sections), or determined
experimen_tany thus automatically incorporating al the system's dynamic properties
and characteristics within the.rotor actual modal shapes. An advantage of the
latter method is that al the modes of Qbration concerned can be corrected for
without hindering the corrections made for lower modes provided that the modal
effects from higher modes do not alter the dynamic response of the lower
modes [5,24] This method applies to systems having clear and separate modal
shapes such as high speed turbomachinery and other high speed machinery
operating in ther floxible regon Relative ﬂexbity between balance planes is
therefore requ'fed. A paper by RED. Bishop [5](and a report by PY. Km
entitled ‘Review of Fl-axble Shaft Balancing Techniques® [24] prov»de simple and

- descriptive examples on the Modal Balancing Method.

The fbre composite energy storage rotors, by design, alow a maximum of
two balance correction planes which are, in turn, restricted in ther axial location
and relative positions. Thus, the modal balancng technique is not appicable to

these rotors.



3.1.2  Influence Cocfficient Method

For the-‘l'cornposite rotors, the influence coefficient method was used by
adapting the method to the system's dynamic characteristics. The methed can
best be descrbed by example. Thus, the folowing discussion presents the
methoq as it would be applied to a two-plane (dynamic) rotor balance problem

The dynamic responses, Al and A2, of a rbtathg machine are vectors

_having magnitude (displacement, velocity or acceleration) and orientation (phase)

with respect to a refer_ence mark on the rotor. By assuming the raspo;ses to
be the resultant effect of imbalances within the rotor, .‘where 1=imbalance in the
first plane and, [2=mbalance n the second plal.ne,,the\folowhg two equations
can be stated

.« Al = R(LIPI + R(1,2p12 (n

. A2 = R(2,1)M11 + R{2,2)%2 - {2)

L4

R(ij) are complex functiohs of the dynamic characteristics of the system and
depend strongly on the rotor speed as wel I could be noted that this method

assumes an orthogona]_ (inear) response due to imbalance, thus:

1. R(1,1)=response vector at plane 1 to an imbalance force in plana 1.
2. R(1,2)-response vector at plame 1 to an imbalance force in plane 2.
3. R(2,1)}=response vector at plane 2 to an imbalance force in plane 1.
4, R(2,2)=response vector at plane 2 to an mbalance force in plane 2.

To determine the value of the complex functions caled ‘influence coefficients”,
calbration or trial weight runs must be performed as part of the balancing
procedure. These trial weight runs are performed at the same speed at which
the “as is data, A1 and A2, are obtained, namely the balance speed
_Temporariyplachgat'iajwelgﬂCTWﬂhﬁ\eﬁ'stplaneofba!ancem\a

recording its mass and anguar location on the rotor, the modfied dynamic
responses, B{(1,1) & B(2,1), are recorded at balance speed, where:
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1. B(1, 1)-mod'sfed dynamnc response in plane 1 With TW1 in place.
2. 8(2 1)-rnocﬁt"ed dynamic response n p!ane 2 with TW1 n place.
Hence, the following equations result ,\/ !
o B{11) = ROL1FN+TWT) + R(1,2)42 {3)
. B(2,1) = R(2,1*{11+TW1)} + R(2,2)%12 (4)

Now removing TW1,janf:i placng a trial \\;eigt1t TW2 in the second plane of
balance and recording its mass and angular location Wil yield two more modified
dyna;rﬁc responses, B(1,2) & B(2,2); at balance speed,

1. B(1,2}=modified dynamic response in plane 1 with TW2 in place.

2. B(2,2}=modified dynamic response in plane 2 with TW2 in place. -
Thus, the last two independent equations can be derived

. B(1.2) = R(1,1)%1 + R{1,2)*i2+Tw2) {5)

«  B(2,2) = R(2,1)%1 + R(2,2)2+TW2) (6)

With .the. calbration or trial weight procedure now completed, six
independent equations are available to solve for the six unknowns, namely: R(1,1)
R(1,2} R{2,1} R{2,2) and most lmportanﬂy the mbalances 11 & 12.

The concept described abox/e can be appled to virtualy any number of
"planes  from single  plane (static) balancng22.33]  through | multiplane

balancing[26,6)] and even multiplane-multispeed balancing  (least-squares
proceduref1 K‘S 117 |

3.2  Application of Balancing Theory

The dynamic - balancing procedure demonstrated in section 3.1.2 should, in
theory, be effective independent of the imbalance distrbution within the rotor.
However, the drect appication of this method was neffective in correcting the
combination of static and dynamic imbalances found on the pendulously mounted
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fbre composite rotors being tested. The “black box" ‘fapp'roach of the influenge
coefficient method is its main drawback. |

Pendulously mounted rotors exhbit large 'cross¥couprwrg effects between
balance planes. Cross—coupﬁng effects can be descrbed as a weughts influence
on vibration at the opposite end of the rotor, that is the R(1 2) and R(2,1)
coeafficients nvplved in the two—plana balancng equations. In this research, it .
was ekperimentally verified that if ther nfluence is too great, the rotor mu.st.

first be adjusted n a manner which leaves a pure couple imbalance which can

two plane balancing.

The first step of this procedure nvolves recording the “as is* vibration
readihgs from each plane observed at balance speed, A1 and A2. A calbration
run is done by placing a trial ‘weight (TW) at mid span, its mass and angular
position recorded’ The modified vbraﬁon readngs, B1 and. B2, are agan
recorded at balance speead.

Tha "as is” vectors, Al and A2, are summed vectorialy yieldng one vector,

‘ASUM™. The same is dore with the modified vectors yrekﬁng one vector, "BSUM".
Assuming a static imbalance, T, the folowing equations can be written
. ASUMeR o
. BSUM-RY(MTW) : (8)
Solving for ffie static imbalance ', the static component of imbalance on the
rotor can now be efmnated leaving a pure couple imbalance. The couple
imbalance is then corrected using the two plane influence coefficient balancing
approach demonstrated in the previous section

This twr:;-step approach is based on a method, referred to as the

o

static/couple derivation, described in [33] i i8 recommended for balanc;ing
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rotors, having excessivé cross—couping effects as .is commonly found on

- .

T ové‘ré-‘hung rotor systems. Hox;vever, ther method differs in the evaluation of the
“ASUM" & "BSUM" vectors. hstead of determinng the sum ofa:the upper and
lower plane vibration response for the working vectors, ther values are plotied
on polar paper; first for the 'as' is" and second for trial weight response. The

tips ‘are .then joined for each par and ﬂwe"'work'ng vectors used for static

o

" balancing are determined by tracing vectors from-ithe origin to the mid span of
the joining vectors. Figure 3.1 demonstrates this graphical procedure for the

evaluation of the “as is" working vector [33]

>



Figure 3.1:

Static/Couple Derivation. From Reference (33)

25
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3.3  Residual Imbalance and Trim Balancing

After applying the balance weight(s) to the rotor, there are nvariably some
residual irnbalances remz}ining. Because each caﬁ:ration run is time consuming
and thus costly, the balancing routines were adapted to alow for the application
of previously determined influence coefficient(s) into the after-balance vibration .
response{s). This required trim balancing to be performed at balance speed,
however, the balance® engneer could perform trim balancing prompﬂy and

efficiently since trial weight runs were bypassed.

3.4 Runout

When measuring rotor dynarﬁc response with non—contacting eddy current
proximity probe systems, runout (an apparent motion which becomes superposed'
on the actual rotor dynamic reéponse) can cause considerable problems. Runout
is a combination of electrical and mechanical causes. Eectrical runout is a
function 6f the metaﬂurgi;:al properties of the target area which cause
perturbations to the magnetic flux path Such perturbations are naturaly
interpreted by tﬁe proximitor as rotor radal position changes. Mechanical runout
is essentialy the lack of concentricity of the target area relative to the rotor
axis. In any practical rotor system, both electrical and mechanical runout wil be
present Considerable' care was taken to minimize runout in al of the rotors
that were bult ncludng component desigw, mac!'nng practice and sequence, high
tolerance component afigment and fits as wel as target surface grinding and
bum:shmg. |

 However, each of the pendulously mounted rotors tested unavoidably had
somf:nount of electrical and mechanical runout due to the tit mparted from

_the qui! shaft, quill shaft-arbour fit and mad'nng and assembly tolerances. I

L
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theory the rotor attitude, as it hangs at rest from the high speed ar turbine

drive, should be praeserved Thus, the am of balancing is not to achieve zZero .
vibration readings in each plane monitored at balance speed, but rather to
achieve zero rotor dynamic response and to do so, runout must be understood
and accounted for. Avociding consideration of runout wi yield apparent low
vibration readu;tgs at balance speed but large vibration levels outside balance
speed This was observed by other researchers{51] Experiment FW3A-BD-5
(Chapter 5) investigated the effects of negecting runout values within the
balancing procedures.

From experiments conducted, the only effective runout readings were thoos/e./
taken at the lowest possble speed of rotation at which the vibration signals
could be fitered by the DVF-2, namely about 100 RPM. These runout vectors
are referred to as slow rol vectors. Static runout readngs obtained by
rotating the flywheel from angular station to angular station were ineffective for
adequate balancing. The slow rol vectors incorporated the drive effects
(bearings, seals) as the flywheels rotated whie impartng a minimal amount of
dynamic forces onto the rotor, which would have altered the characteristic
rot;)r—drive attitude, |

Two methods of ncorporating the slow rol vectors were tred. The first
elminated the runout vectors, obtained by polar plotting of the fitered slow rol
attitude vectors from the DVF-2, in the balancing routines. The degree of
difficulty in obtaining precise values from the polar plotting method rendered this
approach very undesirable. The second method used built-in nuling circuitry
wit‘xh the DVF-2, thus elminating the need to compensate within the balancing
computations. Both methods‘ were proven effective, the second one requmg
much less effort on the part of the balance engneer.
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Appendix A centains the [stings of the balancing programs used 6n an HP
41C or 41CV desk calculator.

%

3.5 Balancing Criteria

The balancing criteria or grades developed ﬂTOL:.gh thé years are based on
\

experience gained in rotors of various types, sizes and speeds{21,35] These

are recommended balance quaﬁty grades, not acceptance specifications, to give
indications of how to avoid gross deviances as wel as exaggerated or
unattainable requirements. These recommended balance quality grades are vald

for rigid rotors,

The representation of the state of balance is usualy gven as, specific

unbalance (center of gravity dsplacement) “When two plane balanchg is

considered the recomménded vale for one plane rotors, obtained from
tabt.dat;c\i charts or équationé, is halved. For the dass! of rotor being tested {(up
to 25000 RP-M) at the Uni\'fersity of Ottawa, the recommended mean specific
unbalance {1 plane) is 0.000004 inches . Fbwev&, based on Muster and Flores’
[35] survey, G8% of the rotors surveyed had residual imbalances no greater

than 0.000033° whie the residual imbalance for 95% of the rotors surveyed

" cimbed to 0.000250". These are very stringent criteria considering the mass,

size and speed of the composite rotors being evaluated. However, the minimum

95% industrial level was observed not qriy to alow for smooth experiments but

to verify the capacity of each flywheel design n maintaining acceptable low

{\
vibration: levels unger actual dynamic kadng

3 -

¥



Chapter IV
RESONANT WHIP

.

As outlined in the introduction, due to the natu;'e of composite rotors, an
importapt R -and D requrement was to thoroughly investigate rotor dynamic
behavior. Thus, it was imperative that system induced motion, runout and
state-of-balance induced motion be completély understood if rotor behavior was
10 be evaluated from the dynamic response signals.  Prior to analyzng
stalte—of—ba]ance cause and effect experiments and case histories of the rotors
{e;:ed, a particular case of subsynchronous vibration should be reviewed that
6f ol whirl or, more speéiﬁcany, resonant whip. | |

Each of the rotors tested experienced severe subsynchronous vibration, as
long as ther state of balance was preserved Figure 4.1 shows a typical CRT.
display of an arbour orbit excursion abcut the center of rotation, magnified 394
times, Each blanked section in trace indicates the start of one shaft
revolution More than one within ':nxn\ indicates a subsynchronous vibration
The signals were produced by the Bently Nevada 7200 series proximity pr%bes
described in the Spn Test Faciity Review. The traces dsplay the raw signal,
thus electrical and mechanical runouts are included They do, however, provide
excelent feedback on the rotor dynamic response. The blanked sections are
* produced using the key phasor probe which imparts a once—per-revolton
refereﬁce pulse to the osclloscope’'s 2 function

The orbits dsplayed toroidal patterns simiar to the cuspng type mot;on of a

spinning top under the effect of a gravity moment. This simiarity clouded an

e

s
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-,

Figure 4.1: | Oscioscope Rotor Orbit Display. Typical Rotor Excursion Due to
Resonant Oi)d[h’p, Magrified 384 Times. '
- -
understanding of the phenomenon especialy when one considers the nature of
the flaxibly rmounted rotors Nqn&-ﬂw—less a careful study traced the problem
tothedmrperu:itofﬁweﬁghwoeddﬁvetwbhevyﬁchhad-aniherent
resonance giving rise to an ol whirldry friction phenomenon.

h 1973 D. Dowson and CM Taylor [9] performed a surve} on the state of
knowledge in the fiekd of bearing influenced rotor dynamics and it was
recognized as a complex, highly s;:»eoaizod area of study. The objective of this
chapter is to present tha cbservations made on the oi-fim bearng mfluenced
rotor dynamics and point to previously recorded observations done by other
researchers nvolved with rotating machinss
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4

Most of the Ekterature on ol-fim lubrication hﬂuenc&ed rotor ;Jynarrﬁcs is
concerned with half-running—frequency—disturbances, which* excites "a rotor at
abou.'t 42 to 48% of running frequency [1,6,10,22,34,42] This. is known to
occwr when rotors operate as rigid rotors [1,6] and wel beyond twice first

- critical{36]

Resonant whip [36,43,44], however, has a constant frequency of vibration,
independent . of the shaft speed, usually very close to the first critical of the
system. The onset of instabiity is af shaft speeds just beyond twice first
critical The phenomencn is usually associafed with lightly loaded, fully flooded
journal bearings, although some researchers have observed resonant whip whie
_maintaining cavitated ol-fim conditions [B] where the common belef is that
-cavitf;tion subdues any already exist‘n:wg whirl [17]

" The -design of the damper unit is such that the vertical spinde shaft
behaved as a jouwrnal running through three squeeze fim dampers, which in twn
act as bearings to the quil shaft, F@re 22 on page 7. This machine
configuration made it a prime canddate %or hydrodynamicaly induced nstabiities
such ae‘; half-running-frequency-whil or resonant ol whip [16,43,44] which,
unfortunately, was not considered in the numerous models that ‘evakiated- this
system |

in the'rA work, CW. Bert and G Ramanujam{4] developed a Inear system
analysis io predict the rotor—dynamic characteristics of high-performance,
advanéed—don*posita—n‘\atedal ftywheel systems Fpend.ﬂous!y supported in a
quil-shaft configuration. "Ther model corresponded exactly o the University of
Ottawa's spiﬁ test faciity but did not consider resonant ol whip, which proved
to be a major concern in rotor dynamics after balancng The outsta.nd'ng'
concern of their analysis was the frst forward critical but this was wel below

the testing range and easily handed with proper balancing and darnpng.
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A. Keith Miler[31] constructed finite element structural mode!é of some of
the US. rotors tested He then developed a flywheel-turbine model (Barbour
Stockwel model 6100) but neglected the damper aésemb[y. From his

axperiments, the authbr observed a hub run-ocut stabiized into a toroid shape.

A clear explanation was not foqnd ‘for the occurrence, consequently |t remained
a low key issue withn the report. Based on our experiments, this behaVior
could be attributed to the resonant ol whip phenomenon stemming from the
dampér b.ssembly. -

W.T. Thomson[52] presented the steady state whil-spn relationships for a
pendulously supported flywheel with bearing floxibiities, sﬁff saction of shaft and
gyroscopic action [t was a more elaborate representation of the basic model
develol;ed n Den Hartog's thesis on the gyroscopic effects of a spining disk
Iocated on an overhung shaft [16] No s#eciﬁc driving system was considered,
thus no provisions were taken for the use of journal bearng(s) and the
poss?oil‘ty of resonant whip.

TLC. Chen and CW. Bert[7] presented an eight degree of freedom system
which considered flexibiities within the rotor. Although the drive modeled was
that of a flexible quil shaft and journal bearing type squeeze fim. damper, no
provisions were included for possible resonant ol whip.

From the experments conducted, instabiity was observac_:i to increase with
damper pressure whch corresponded to a greater ol flow through the bearings
and with higher damping capacity. This behavnor was also observed I'Dy Pinkus
[43] and Holmes [17) Further, the onset of the resonanf whip was aiways
observed to occur at shaft speeds above two tmes first critical and persisted
wel beyond, as long as the rotors' precision state of balance was maintaned.

However, the frequency of the instablity was just above the first critical, at



- 23
onset, but then settled at values betwéen two and three times frst critical as
shaft speed increased, see Figure- 4.5, The folowing syst_em pecularities of the
turbine damper and test speed could be at the source of the dfferences
between what was observed and what other researchers have observed on
fluid-fim induced instabiity, as far as the frequency of the resonance is

-

concerned.

1. Some contact (rub) between the journal and bearing had always

occurred as was evident frorﬁ post test nspection.

3]

Rotor test speedé reached values of up to 25000 RPM traversing only
., the f‘n:st critical speed in the 375-420 RPM range, depending on the
rotor. This represents a clear operating range wel over 50 times the
rotating system’'s first critical without engagng any higher modes of
vibration.  This contrasts with that commonly encountered by
turbomachinery where more than one critical speed within ther operating
range is common and where speeds never exceed 2 to 5 times the
first critical )
3. - The squeeze fim bushings tised, n the darrper unit of the tu.r‘t?'ne drive ‘
were unrestrained
When Poritsky [44] modeled resonant whip using a vertical rotor to eiminate
gravity loading, he restricted his work to smal _dsplacement theory to mantain a
lnear system of equations of motion and htroduced: a radal bearing force (the
equivalent of an ol fim spring stiffness). Hs results corresponded to observed
ressnant whip phenomena. The of fim resience was assumed to be much
greater than that of shaft and to be constant It is wel known today that ol
fim dynamic characteristics are dependent on many operating paraméters, one

of which is speed [27] and that they are highly noninear [15] especialy when
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small displacements. are no longer representative of the actual phenomenon.
Thus the oﬁ fim dynamic .characteristics .between nvolved parts n the damper
need to be clearly defned in order to tune the squeeze fim dampers to the
rotor bearing system, as is recommended by Gunter [15] and Fleming [11]

Seff-exited vbration, including phenomena other than resonant of whip,
impose a restrant on the performance capabiities of rotating mad\n)ry For
example, the high pressure turbopun;ps of the Space Shuttle ‘Main Engine weré
unstable at speeds approaching twice first critical [11] and could not reach ther
design speed of 39000 RPM, shutting down the program for six months [10]
The turbopumps continue to be subject to su.bsynd'rqnous vibration which have
prevented NASA from using the shuttle for polar orb#tskbecause of the power
levels required [10] -

I an attempt to resolve this drive system induced rotor dyna.mc ‘behavior,

the air twbine manufacturer was contacted and was aware of the resulting

phenomenon and recommended bearing hole enlargements by 0,003 inches

diametrically. They had tried replacing the damper bushing, part #2545 in Figure ~

2.2 on page 7, with teflon and graphite mpregnated materials without success.

An *Oiite" {ol impregnated porous bronze) bushing, catalogue # AAMS—11X8,
was inserted in the lower’ damper bushing whers most of the action was
known to occur. Under test, the stabiity was improved unti the bearing
surface quality had degraded, at 19000 RPM, reducing the bearing's of feeding
capacity and sip characteristics resulting in the reappearance of the re?;onant ol
whip-dry friction phenomena. Thus rub was a contrbuting factor to the
instablity once induced hydrodynamicaly. This test was conducted with the
S2L-19 rotor, shown istaled in the chamber in Figure 4.2.
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Figure 4.2: Rotor CH-19 Instaled n the Vacuum Chamber.

The bearng hole enlargement recommended by the manufacturer Jalso
proved to be ineffective. Whie a larger hole woukd eimnate the hydrodynamics
and rubbing nvolved it would defeat the journal bearing concept of carrying
lateral loads and thus' overioad the ol seal withn the lower damper assembly,
part #6045 Figure 2.2 on page 7.

A Barden nstrument qualty bal bearing catalogue # SR18108Sw3 P103,
was then used to carry the lateral loads. The inher race dameter Mwas selected
to alow for a2 sidng fit on the qull shaft. The damper bushing of the lower
damper disk was machined accordngly to receive the bearing outer dameter.
The test was successful however it was not proionged, since the bearing was
not designgd to operate n an ol bath environment Hencs, the Atest was
aborted at the frst sign of instabiity. Post test inspection revealed no evidence

of bearing degradation and indeed prolonged testing could have verified the true
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capacity of ugjng such a conﬂguratbn it is interesting to note that the spin
test faciity for medum energy density flywheels at me. istituto  della
Motorizzazione Poltecnico d Torno {13] utiized a bal bearing-to-damper
configuration to introduce external damping in the spin testing setup. Figure 4.3
reproduced from [13] shows part of ther faclity with a more .detajed view on
the external damper (right circle) of the type described above.

Titing pad journal bearings replacing the damper bushing could be an elegant
solution. However, fitting the environment of the damper, shaft size and speed
might inhibit such a venture. However, since the maximum level of self excited
vbration always remained within tolerable levels and snce the phenomena was
now wel understood and separable from other rotor dynamic behavior, further
efforts to eEmhéie system induced resonant ol-whip rotor response were
disbanded. hadvertently, it was later reaized that this phenomena could be
used to advantage. The occurrence of a resonant oi whip during a spin test
could be used as a yard stick to gauge the load being carried by the damper
" bearing, giving an indication of the state of balance of the rotor under test. In
Figure 4.4 the fnear spectrum cascade piots for two ndependent rotors are

o

compared and demonstrate the resonant of whip—dry friction phenomena as wel

as its dependence on bearing load (le. as rotor dynamic response —one times

- ampltude- increases, ol whip disappears). Further, its frequency independence

from the shaft rumning frequency is clearty demonstrated In Figwe 4.5 the
resonant ol whip—dry friction ampitude and frequency are piotted against shaft
RPM.  The frequency and RPM are normalzed against the frst critical frequency
of each respective rotor. The sudden increase in ampitude could be attrbuted
to the “jJump phenomenon® associated to squeeze fim dampers [15,50]
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Although the ol whip ampltude Figure 4.5 was earer shown to be closely
related to rotor ones times dynamic response, both rotors do exhbit an almost |
élassical critical speed at about four times normalized shaft speed and at two
times normaﬁzed whip frequency. Further, as other researchers have observed,
cnset of whip began at about two times rétor critical shaft speed at a
frequency near oné tme rotor critical Howaever, the whp frequency, see Figure
45, was seen to slowly increase stabfizing at a constant frequency in the order

of 2.5 to 3 times rotor critical speed.
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Chapter V A
DYNAMIC RESPONSE EXPERIMENTS

A series of state-of-balance vs dynamic response experiments were
conducted to record the individual and combined effects of the various
para'meters .' involved in rotor balancing Flywheel FWBA- was u‘sed for these
expériments since this rotor was found to be dynamicaly wel behaved and
since its metal hub design allowed for easy alteration of temporary balance
weights. The speed range used in these tests was 0-20,000 RPM

The damper pressure was maintained at its lowest level (5 psi) for the first
six experiments, in order to maintan consistent damper characteristics and to
minimize oi flow induced resonant whip [43] and high damping hdu‘ced resonant
whip [17] Experment FW3A-8D-6 requred that the balancng procedure be
performed under vacuum because as the rotok balance condtion was improving,
dynamic instability from windage effects were influencing the rétor response.

\

3.1 FW3A-BD-1 ; 'As Is” Response

This first experimént was performed to obtan a record of synchronous
dynamic response, without “slow-rof* vector or runout nuling (le. the signals as
_ delivered by the morisomg system), of the unbalanced rotor over the test
window Figure 5.1. The fitered synchronous ampitude at critical speed was
beyond 50 mis for the lower flane. ‘lha recorded phases were close to being
equal over the whole testing range, indicating a predominant static imbalance.

'[herawasnoevidenceofoiwhbresonanoeooc:.xrrhgd.xeiot!nh@wdamper

- 41 -
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loads from the unbalanced rotor. - should be noted that once the rotor is
operating above first critical, it assumes a fixed attitude over the speed range

P>
because of the avaiable flexbiity of the qull shaft drive.
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SPIN TEST: FW3A-BD—-1 .

AMPLITUDE VS RPM ( PLANE 1 & 2 )
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Figur 1: FW3A-BD-1. 'As Is’ Rotor Dynamic Response.
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§_I_2 FW3A-BD-2, 'As Is’ Response With Nulling

\This experiment is of the same nature as the previocus céne with the slow
rol wvector being subtracted from the sync!'ronou; fitered dynamic responsé
signals through the DVF-2 tracking fiter's nuling crcuitry. As can be expected,
- the recorded amplitude Figure 5.2 for the lower plane was again beyond '50 mils
going through critical and the phases wera close to equal‘over the whole testing
range, indicating a predominant static mmbalance. fhis signal is the true rotor
dynamic response and, logically, its genera] behavior does not éhange with nuling
or removal of runout vector.

What is significant, however, is the above critical motion \:vhere ro'fcor 'state
of balance can. be observed and where balance data is colected. From ~rotor' '
to rotorthe runout vector is arbitrary in both magnitude and phase. For this
rotor, it is clearly out of phase and-of significant magnitude. Without runout
consideration, the unbalanced rotor appears to run quite Atrue showing a motion
of about 5 mis in plane 1 and 1 mi in plane 2 whereas tl;»e true dynamic
motion is over 8 mis in pla.né 1 and jst under 12 mis in plane 2. Again, no

evidence of ol whip occwred during this experiment



moOoC-——i VI >»>

50+

12
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53 FW3A-BD-3; Two-Plane Balance Without Nulling

The effect of using the two—plane influence ‘coefﬂcie@nt balancing method,
* without nuling, is shown in this experiment. The synchronous fitered dynamic
response. shown in Figure 5.3 clearly indicates the procedure to be nadeguate.
Balancing was done at 1500 RPM ard correction weights were determined as:.
1. Upper plane 35,99 grams @ 329 degrees.
2. Lower plane 41,96 grams @ 150 degrees,

Comparison of this response should be made with that shown in Figure 5.1
on page 43. The improvement is obvious but clearty the procedure is not

-
-

adequate,

The rotor dynamic response was uraffected by windage effects throughout
the balance procedure. Again, it should be noted that no evidence of ol-whip

occurred in this experiment.
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SPIN TEST: FW3A—BD—-3

 AMPLITUDE VS RPM ( PLANE 1 & 2 ) .
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Figure 5.3: FW3A-BD-3. Two-Plane Balance Without Nulling. Effect on

Rotor Dynamic Responso\. ’
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54 FW3A-BD-4; Two-Plane Balance With Nulling

This experiment loocked .‘nt.o the effects of using two plane balancing with

nulled runout signals. 'Thus, true rotor dynamic response is being monitored and

a marked improvement is apparent. E'-!ere. Figure 5.4, should be cori'pared with
Figure 52 on page 45. Ampltudes thrdugh critical speed are significantly
improved and dynamic response above critical averages ﬁé)out one mi At the
balance speed of 1500 RPM, the correction WGights were determined to be:.

1. Upper plane 42,82 grams @ 175 degrees, | .

2. Lower plane 25,49 grams @ 19 degrees.

it is interesting to note thz:;lt‘the upper plane correction weight, which was
much larger than the lower plane correction weight, wa; close to the region
where the large static imbalance was finaly found to be loc;stted in experiment
FW3A-BD-6.

The mc;st significant result, however, is that for the first time, the rotor
induced dynamic behavior is begnning to show. As s;cated, thts is seen to be a
key avaluation requiremeﬁt for composite material rotor assessment. Here,
some center-of-mass shifting is suggested by the increasing rotor speed or with
increasing rotor radial dlation. Again, no resonant o whip appeared in this
experiment, and the dynamic response was unaffected by windage effects
throughout the balance pratedure.

N



MoOC——rTIX>

SPIN TEST: FW3A-BD—4
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Figure 5.4: FW3A-BD-4. Two-Plane Balance With Nulling. Effect on Rotor

Dynamic Responss.
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5.5 FW3A-BD-S; Static/Couple Balance Without Nulling

-\E{periment FW3A-BD-5's purpose was to obse;ve and record the dynamic
response of a rotor which had its static and dynamic imbalances balanced
independently but without nufing. The synchronous fiterec‘i. dynamic response
Figure 55 displays simlar characteristics to those found in [51] where the
researchers investigated the effects of out of roundness, as part of their
‘Experimental Evaluation of the Exact Point-Speed and Least-Squares
Procedures for Flexible Rotor Balancing by the Influence Coefficient Method”. The
results show a bottoming out éf the measured vibration amplitude(s) at balance
speed only {1500 .RF’M) but clearty an acceptable state—of-balance has not been
achievednand rotor induced dynamic behavior cannot be evab.ated.‘

The correction weights were;

1. Static Eorrecti_?n weight of 7,23 grams @ 58 degrees.

2. Dynamic correction weight of 40,84 gams @ 320,1 degrees, upper
plane.

3. Dynamic correction weight of 37,41 grams @ 142 degrees, lower plane.

Again no resonant ol whip was observed and the rotor dynamic response

was unaffected by windage effects throughout the balance procedure,
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5.6 FW3A-BD-6; Static/Couple Balance With Nulling

This test is a repeat oleWSA-BD-S with the slow rol runout wvector
incorporated throughout the experiment via the DVF-2 tracking fiter's nuling
circuitry. The dutsta.nding differences from FW3A-BD-5 are the relative sizes of
the correction weights, their location and also the dynamic response, shown in
Figure 56. Here, rotor amplitudes through critical speed are exceptionaly low
and the above critical speed dynamic response is near zero {approximately 0.1
and 0.3 mi in the upper and lower plaﬁes réspectiveiy). it is clear that this
procedure provides a precision state—of-balance thus alowing accurate
evaluation of rotor induced dynamic behavior. For this rotor, there is a growth

in amplitude above 15000 RPM. This behavior, where the rotor center of mass

“changes with speed for composite flywheels was also cobserved by R.S. Stedaa

[46] The phase angles in each plane were very close during - the amplitude

——

. .
 growth which occurred at speeds beyond 15000 RPM, indicating an increase in

the state of static imbalance. Because the rotor in the previous experiments
had gross imbalances due to nappropriate correction weights, the slight change

in balance condition occwring from dynamic loading would have been insufficient

to alter the response. Only in experiment FW3A-BD-4 was this growth

phenomenon slightly present. .

Another interesting observation was that after performing the static
correction on‘ FW3A-BD-6, the rotor showed instabiities whie rotating at balance
speed {1500 RPM) under atmospheric pressure. None of the previous balancing

experiments showed this phenomena. As such the procedure had to be

perfé:rmed under vacuum, from runout ruling through the trial weight runs, in
order o avoid windage effects on the spinning rotor.

The correction weights were:

/-' 1, Static correction weight of 20,71 grams @ 140,7 degrees
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2. Dynamic correction weight of 17,99 grams @ 1416 degrees, upper -
plane. /

3. Dynamic correction weight of 1741 gams @ 3226 degrees, lower
plane,

The primary imbalancé was the static component. The highest occurrence of
resonant ol whp occwred during this last experiment dus to the high
state—of-balance in the rotor and the resulting low jourmnal bearing loads in the

damper assembly as discussed in the previous chapter.

A
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5.7 FW3A-BD-7; Moment Induced Retrograde Whirl

This investigation was done to observe the effects of & pure coupla
imbalance acting upon a flexbly/pendulously mounted rotor. Whie this was
academically motivated, it could also prove to be mportant for the upcoming
tests where behavior evaluations of the four rotors were to be made. Rotor
FW3A was found to slowly precess in a retrograde fashion, the precessional
frequency being inversely proportional to the flywheel spin frequency, as shown
.in Flgur"e 57. This behavior corresponds to the special case in classical
gyrodynamics theory of a spinning top precessing without nutating under the
effects of a gravity mo:}uent [29,30,53] The moment, in this case, would be
applled in the opposite Idirection' S0 as to induce a retrograde rather than
forward precession |
As wel, the experimental data correlates with the frst or lowest retrograde

| whirl branch of Den Hartog's classical model of a disk mounted at the end of a
rotating cantlever[16] This correlation was done using Thomson's [52] upgraded
version of the mode!l to include effects stiff sections of shaft.

The static imbalance was removed using the static/couple derivation with
nulled vibration signals approach, leaving the rotor with a couple rhbalance, which
'-wasl then evaluated. From that point on, the couple imbalance could be
adjusted to prescrbea values for experimental analysis. Only one complete set
of repeatable data was gathered for Figure 5.7, with a moment mbalance of
3249 g-cm**2. Other attempts with higher and lower amounts of couple
imbalances induced retrograde precessiong, but no ‘complete correlation was
drawn as the rotor ampitude either tended to “jump" [15I50L or smply de out

because of the profound effects of damping on retrograde whirls [4,16,52]
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The _dynamics involved can be broken down into the following major rigid
body componen:cs."a“ As the flywheel rotated about its center of gravity (C.G)
which was along its center of geometry, from static balancing, the couple
imbalance, represented by the poin'z masses 'm; in Figure 5.8, tended to tit the .
rotor which n tun _fﬂt_roduced a counteracting moment from gyrodynamic disk
effects [16] and also from the bent spinde shaft as shown n Figure 58. As
the rotor angu.lar velocity mcreased it assumed a constant tit configuration, as
was observed in previous experiments as wel, independent of tha shaft spin
velocity, leaving the rotor with a net, constant, external ‘moment being appled
by the sightly bent spinde. Under the dynamic condtions stated above,
retrograde precession will occur whenever the amount of damping aléws.

l}no_ther case of retrograde precession was observed at the University of
Ottawa facfity. Upon test number 5 of rotor CH-19, a lo\;'v frequency
retrog}'ade precession (0.083 Hz) set n after 30 seconds, whie coasting at :
20,000 RPNL Tha test was prolonged untd the ampitude grew almost
exponentially {jump phenomenon [15,11]), imited only by the upper catcher
reja;ifa.hwt, destroying the upper set of proximity probes. The retrograde
frequency was observea to increase as CH-19's rotational speed decreased
during braking. '
| CH-19 was a one inch thick, nineteen inch dameter S2L material disk
supported by a flex-ring attachment, as was shown in Figure 4.2 c\>n page 35
" The rotor was staticaly balanced using the fitered upper p!ane vibration
readings. However, at this point n thoprog'am nufing was not being us::gd and
further, dynamic balancing was not considered because of the disk thickness
which Emited the effectiveness of plane separation It is very kely that the
retrograde precession was moment induced and could have been efiminated or

curbed if the damper pressure had been ncreased from its 15 psi setting.
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VAN

Ti = couple imbalance induced térque
w (:_,) Tg = gyrodynamic induced. torque

Id = diametral moment of inertia

Fi = anqular momentum

d independent of .,

| -f—

Figure_5.8: Effects of Couple Imbalance.
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" In reference [31] A. Keith Miller made the folowing observation whie spin

t'ésting a 24 spoke Sandia “wagon wheet flywheel A very low frequency
[Py

(approximately 3 Hz) retrograde whil motion deveioped as the twenty-four

r\ ‘
spoked flywheel drifted down in speed from 20,000 RPM. The ampitude of this

whirl increased approximately exponentialy with time untli the moti became so

-violent_that the test had to be stopped Several attempts were made to allow

the flywhee! to drift down in speed, al resuting in_the development of the

same, hearly classical, instability..

Investigation into the possible cause ng the low frequercy retrograde whirl

of the flywheels during this first series of tests revealed that the oi prassure in

the squeeze-fim damper assembly was below normaly prescribed conditions. An

obstruction in the hose which suppiies the feed ol to the damper assembly was

removed, the ol pressure was increased, and a second series of tests using

only the twenty—four spoked flywheei was performed.

-The instabiity as the flywheel drifted down in speed from 20,000 RPM was

no longer observed.

Qur experiences show a definite curbing effect from damping as wel as a
definite @nk between couple imbalance Pnd retrograde precession. We do not

beleve the damper to be the cause of retrograde instabiity but rather a

controling factor.
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Chapter VI
ROTOR BALANCING AND EVALUATION
y

Four high enerdy density flbre composite rotors were bult and three were
tested Table-1 and Table 2 [st the rotor parameters while the folowing
summarizes their construction.

Flywheel one (FW1) consist of a sheet mokdng compound (SMC) fibre
composite centrai'hub thermally—interference fit to a wet—flament-wound E/XAS
carbon outer ring,with an aluminum (7075-T651) flex—ring — steel (SAE 4340)
arbour, égltnng shaft étfachmBnt system, fixed onto the Sl>dC hub.  The
assembled rotor is shown n Figwe 6.1. .

- Flywheel two {FW2) consist of an S2-glass laminated (S2L) fibre composite
central hub thermally-interference fit to a wet-flament-wound E/XAS carbon
outer ring with a maraging steel (MA-C300) flex~-ring — steel (SAE 4340) arbour
boiting shaft attachment system, fixed onto the S2L hub. The assembled rotor
is shown in Figure 6.2,

Flywheel three (FW3) has a manufactured metalic hub (7075-T651) designed
for radial compatbiity ‘with a composite ring asseénbly. The ring asssmbly
consist of an inner wet-flament-wound S2-glass ‘ring and a wet-flament-wound
E/XAS carbon outer ring Each of the components mentioned #bove were
thermaly-interference fit The assembled rotor is shown in Figure 6.3.

Flywheel four (FW4) has a manufactured metalic hub ddsigned for radal
compatiblity ~with a composite ring assembly of the same nature as FW3. The

hub consist of a thermaly-interference fit aluminum {7075-T651) ring insert and

- 60 -
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oppositely mo_un"ced maraging steel (MA-C300) spoked sprné plates held through
a central steel (SAE 4340} arbour assembly. The assembled rotor is shown in

Figure 6.4.

Af“)



Figure 6.1:

Figu V.4

Fiywheel One (FW 1) Assembly.

-

Flywheel Two (FW2) Assembly.
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Figure B6.4:

+

’
Flywheel Three {(FW3) Assembly.

Flywheel Four (FW4) Assembl

63
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Table 1
mposite-Hub Rotors: Design acification.
ITEM FUW1l FW2
— e

A: ROTOR CONSTRUCTION

Hub Material

Ring Material

Assembled Hub 0.D.; in. (cm)
Hub/Ring Int. Pres.; KSI,(MPa)
Hub/Ring Assembly

Bolted Shaft Attachment

FRA Material

FRA Bolt Dia.; in. (cm)

SMC (R65-52)
E/XAS-Carbon
16.80, (42.67)
3.0, (20.7)
Thermal Fit
FRA System
7075-T651 Alu.
10.332, (26.243)

@

S2-G Laminate
E/XAS-Carbon
18.84, (47.85)
3.0, (20.7)
Thermal Fit

FRA System

€300 Mar. Steel
10.550, (26.797)

B: DESIGN PARAMETERS

Qutside Diameter; in. (cm)

24.00, (60.96)

24.00, (60.96)

En. Density; Wh/1b. (Wh/kg)

Axial Thickness; in. (cm) 3.25, (8.29) 2.50, (6.35)

Weight; Tbs., (kg) 87.6, (39.7) 70.4, (31.9)

Swept Volume; in?. (cm?) 1470, (24079) 1131, (18533)

Design Speed, RPM 18,860 24,760
-Stored Energy, KW-Hr 1.00 1.33

En. Density: Wh/1b. (Wh/kg) 11.4, (25.2) 18.9, (41.8)

Cycle Life: cycles 10 ' 10° )

Operating Temperatures -40 to 100°C -40 to 100°C

C: ULTIMATE PERFORMANCE*

Ultimate Speed, RPM 25,770 33,520

Failure Mode Hub Burst Ring Failure

Energy Stored; KW-Hr 1.87 2.45

21.3, (47.1) 34.8, (76.8)

* It could be noted that the rotors are optimized for a life of 10°
cycles, not for an ultimate speed test.




Metallic-Mub Rotors: Design Specification.

Tabkle 2

-

-

65

ROTOR CONSTRUCTION

FW3

FW4

Ring Design
Hub Design
Hub Material

Hub/Ring Assembly
Ring Radial Compatibility

Design No. 1 or 2
Flex-Rim (FRH)
7075-T651 Alu.

Thermal Fit
Rim Flexing

- Design No. 1 or 2

Spring-Spoke (SSH)
7075-T651 Alu. ring
liner with C300 Mar.
Steel Spoke Plates
Thermal Fit

Spoke Flexing

RING DESIGN

DESIGN NO. 1

‘DESIGN NO. 2

A. DESIGN PARAMETERS
Ring Construction

Outside Diameter: in. {cm)
Interface Diameter: in. (cm)
Inside Diameter: in. (cm)
Ring/Ring Int. Pres: KSI, (MPa)
Ring Assembly.

Axial Thickness: in.
Weight: Tbs. {(kg)
Swept Volume: in®. (cm?)
Design Speed: RPM

Stored Energy: KW-Hr.

En. Density: Wh/1b. (Wh/kg)
Cycle Life: cycles
Operating Temperature

(cm)

B: ULTIMATE PERFORMANCE™*

Ultimate Speed: RPM

Failure Mode

Energy Stored: KW-Hr

En. Density: Wh/1b. (Wh/kg)

Bianhular: S2-Glass
Inner, E/XAS Quter

24,00, (60.96) _

17.246, (43.805)

12.650, (32.131)

2.00, (13.8)

Thermal Fit

3.45, (8.76)

78.0, (35.4)

1561, -(25,567)

21,900

1.33

17.1, (37.7)

10°

-40 to 100°C

29,200
E/XAS Ring
2.37

30.4, (67.0)

- Biannular: S2-Glass

Inner, E/XAS Quter
24.00, (60.96)
18.040, (45.822)
12.644, (32.116)
2.25, (15.5)
Thermal Fit
3.45, (8.76)
78.7, (35.7)
1561, {25,567)
21,775
1.33

17.0 (37.4)

10°®
-40 to 100°C -

32,250 .
E/XAS Ring
2.93

37.2, (82.1)

¥ It could be noted that the rotors are optimized for a life of
10° cycles, not for an ultimate speed test.
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6.1 Composite Hub Rotors

N
\\

For the composite hub flywheels, it was proposed that 'the static mbalance
of the principle compohents, namely the SM-C and the S2L hubs and
corresponding E/XAS-Carbon fbre rings, be determined prior to ther aé; mbly.
This would have allowed for minimal corrective measures to be bra&j‘:) the
assemblies by opposing the rotpr components’ heavy sides during the assembly
procedure. Eventuany it was determined that the carbon rings had very little
inherent static imbalance as did the S2L material, whie the SMC hub possessed a

significant amount of static imbalance.

6.1.1 Carbon Ring Static Imbalance

After machining and Jgrindng of the outsidae diameter of the E/XAS—Carbon
rings, Figure 6.5, they’were placed on previously balanced winding mandrels,
secured and positioned by shrinking the steel mandrel with kquid nitrogen and
inserting the proper amount of weighed shim stock in between the mandre! and
ring to obtain a snug fit, Figure B.6.

The temporary assembiss were then set on a horizontal stﬁft static balapce
rig as shown in Figure 6.7. No measurable amounts of static imbalance were

- found for the rings marufactured The static balance rigs sensitivity was

measured at around 5,7 g—cm or 0,08 oz-in.

2 Both the' SMC S2L hubs were supplied by Owens—Coming, Granvie, Ohio.



Figure £.5:

Grinding E/XAS—Carbon Fibre Ring Outside Diameter.
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Figure 6.7

E/XAS Carbon Ring Static Imbalance Verification.
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6.1.2 Hub Balance Corrections ‘
The composite hubs' state of static balance were measured in the horizontal Cé

setup, as used for the E/XAS-Carbon rings, and cross; verified in the dyhamic
balance rig. By temporarily attaching flex—rings (top and botton':) with upper
arbours to the composite hubs, the temporary assenbﬁes‘ could then be set in
the horizontal balance rig, as shown in Figure 6.8.. To com‘"rm the location and
the amount of imbalance, the assembies wq:'e then mountea n the 'dynamic‘
balance rig wH_ich <Was developed- by the author [28] as shown in Figure 6.9
Only .the upper plane data was used at the time. The results correlated and
because the carbon rings did not)‘possess any appreciab{e amount of imbalance,

-—

the hubs were balanced by driing out material from the mid section of the disk,
no deeper than one inch Figure 6.10 shows the SMC hub being drie:; on the
heavy side and Figure 6.11 is a view of the SMC hub prior to being inserted in
the E/XAS Carbon ring after cooling down both components to Liquid Mtrogeﬁ

-’ temperature. The static balance correction is quite visble on the SMC hub.

-



SMC Hub Static Balance Procedure. ..

f [ Y .
rDyeiamic Balance Rig. The Dynamic Balance Rig Seen Door o
Open and with the Two Plane Practice Rotor Installed :

.-
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Fiqure 6.10; Mass Removal on SMC Hub, Static Balancing.

The S2L material used for FW2 had one of its surfaces slanted because of

_a malfunction occwring dwing the heat and pressure curing stages of -

manuf‘actumg. Thu was the source of rnadmng error whch ntroduced an
apparent i'r!balanca n the hub. Although the level* surface was det;utrﬁed and
marked ‘as TOP, to avoid introducing tit on the upper arbour, during the
" process of driing the four holes for the flex ring attachment studs, the hub
was set on each face to faciitate driing from both surfaces. When the hub
was rés’(ng on tha tapered face, the holes driled were thrown off sightly and

gave rise to an apparent mbalance.

lt was later found that tha S2L hub was not 50 much ou} of balance but -

rot bafore having removed material from the hub in the same mamner as the

SMC hub, Figure 6.12 testifies to the amount of apparent mbalance which was

determined and shows the components st prior to ther final assembly.
¢ .
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F’iglf{g ﬁl 11
rs

Assembly of the FW1 Rotor.

.
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63.2 Concentricity -
In attempting to render the arbour target areas concentric to each other
and to the carbon ring outside diameter, the arbours were ground after the

final assemblies of FW1 and FW2, The attempts on each rotor failed, resulting

in the following mechanical runcuts.

For FW1;

1. Top arbour 2,2 mils @ 112 degrees.

2. bottom arbour 7,0-80 mils @ 292 degrees.
For FWZ2;

1. Top arbour 2,8 mils @ 250 degrees.

2. Bottom arbour 2,8 mils @ 250 degrees.

These results were obta%ned by installing the rotors in a vertical milling
machine. and adjusting them to ensure that the quill shaft bores were running
concentﬁc to within +-0,0001". The top and bottom target areas' mechanical
and electrical runouts were then méasured station by station, every 45
~ degrees, using a Mitutoyo Digimatic Indicator .type ID-150ME and an oppositely
mou‘r’Hted Bently Nevada series 7200 proximity probe as shown in Figure 6.13
and in Figure 6.14. FW1;S lower ;irbour suffered the mo-st from this attempted

corrective measure.

wh
Sy e

WA



'F‘ggg;_'g 6.14:
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Post Grinding Concentricity Verification on FW2, Bottom View.

-~ '
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1.4 Methods of Balance

Balance correction of the composite hub flywheels was more involved than
the metal hub flywheels since Wny alferation brought to the rotors was
permanent. The static h’nba\grfé ‘could usualy be adjusted solely by removing
equal‘amounts; of material from the composite hub n each plane, or when the
correction warranted it, by through driling. éecausa the couple imbalances were
quite large, they waere corrected by cement'né cylindrical plugs of brass or
copper in the hubs, as shown in Figure 6.15 for FW2. The hples were drilled 1

f
inch from the hub-ring interface and had a maximum diar}@ter of 3/8 of an

inch. Based on analyses of radial position and hole-size \effects in compoéite Q

discs [32], this practice was determined to be suitable that it would not

‘reduce the structural integrity of the hub. F ., RS. Steele [49]

' demonstrated that holes drlled near the outer damet

of a dsk type
composite hub flywheel” did not appear to affect its ultimate

Qur in house testing }f_.co‘mposite discs also supported the above.

N

'
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Figure 6.15: , Composite Hub Flywheel Balance Correction To the Left is a
-y Static Correction Through Mass Removal and to the Right is
One of a Par of Weights for a Dynamic Correction |/ !

[

—

6.2 Metal Hub Rotors [

\
)

rd

\‘
5 f

6.2.1 . Component Balance ,

f .
As determined in section 6.2, the Wet-:fjg.n’ént-wwrd composite rings do

L=

not possess any appreciable amount of static imbalance Further, it could be

noted that these pings cannot be balanced as individual. components as balance

%, corrections cannot be made drectly to t.'r\ﬁ rngs. Also, the metalic ‘components
(hubs and arbours) were machined to.exacting tolerances’ and were Subjected

to rigorous m-house’ inspection prior to acceptahca. Thus, the “metalic hub

rotors do not lend to, nor should they roq.i're, any component balance prior: to

a : ‘ - .
‘ f ' . BN

[

-
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6.2.2  Methods of Balance \7

Balancing the assembled metal hub ﬁywheels consisted of applying correction -
weights (aluminum tape and Iead)éon the inside diameter of the 'hubs. On the
flex-rim hub rotors, the weights where distrbuted at 45 degrees away from
tha spokes to minimize the loading in these high stress regions. The balance
correction weights were comprised of a static component positioned at

mid—spén axially, and equal and opposite weighté applied on the top and bottom 7L/ h
" of the hub inside diameter to correct for the couple ‘rriba!ahce, as shown in

'Flgure 6.16 for .the FW3 flywheels.



Figur

16:
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Metal Hub Balance. Shown are a Static Correctlon Weight and
one of a Pair of Opposmg Dynamic Corr

—



| Chapter VII
_ ROTOR STATE-OF-BALANCE
- EVALUATION
‘_,{' -,

qg'/xj : e | "

Many 1est§ were performed prif.}r t§ the ful development of the balancing
procedure. However, the key balance data are ksted n Table 3 for each of
the rotors tested An observation worth noting is that for each composite hub
rotor design, the dynamic responses (fitered vbraﬁm amplitudes) on the way
down from the maxinum speeds attained always differed from jhe runup
responses for”the first few runs. Not only did the rotor's state-of-balance
(mass -'center) change with speed, as was observed by RS. Steele [46] and in
experiment_FWIsA-BD-S_, but the cha.ﬂ_:;es were permanent.

FW1 reached its permanently sira'nad or seated configuration after its
second test to maxium or desigp speed where the vibration response became
highly repeatable.' Figure 7.1 shows the dynamic response of FW1 after test
#5. The growth in plane 2 is attrbuted to the mechanical runout the lower
arbour, induced- from t}le ‘%;oncentricity grindng. Because of the arbour center
of gravity shift, dynamic Ioa"cﬁng from high speed testing is sufficient hto pul
against the flex-ring attachment giving rise to\a lower plane ampftude hcrgase
proportional to the square of the spin velocity. The phase angle over the whoie
range' was stea.dy' at 280 degrees, correspondng exactly to the measured

' meg;’{arical runout in the miing machine setup, described earfer.
- . Fw2 requred four tests to gradualy bring it to its maximum operational

design speed. After the fourth test which brought the rotor to a
N

Ny
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SPIN TEST: FW1-6
" 80

AMPLITUDE VS RPM ( PLANE 1 & 2 )

25+ ingr)
24
234
22
21
20 5
19 /

183 - 5

17 !

16 . | ! |
A ; ¥
M 15 ; -

PG ! |
L 143 !

[ ;

T 133 / .
U3 /

D 123 . ;

E | l_: "n / -

. ;

I 10 /

] ;

9— ’l

8]
74 S
1 4
6 ¢ ; &
53 i S
R b
: S
34 % /
3K -~ .
24 |1 -
13 Rt Ve
o 5 PP dott Iy
1 I """""" 'l """" .l' L b ' L '. ''''' ' """"""
0 5000 16000 15000 20000 25000
REVOLUTIONS per MINUTE |
LEGENDs PLANE 2
B T . .'-'. '
" Fiqure 7.1: Repeatable Dynamic Response of Rotor FW1.
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stressing, it stll showed a smal difference in pre- and post-test dynamic
responsé, indicating that some seating or mass migration was st occ{m'ng

FW3 did not show any signs of permanent mass shiftng or seating effect
Although test FW3-1 ended in a faled carbon ring [32] leaving no post-test
 dynamic response da.ia, a reconstructed rotor, FW2-2, had a repeatable
response from its first test. | |

FW4 was not subjected' to high-speed testing. After FW4's initial hub
assembly, the rotor 'ncﬁcatecii a tit of 652" (0.115 degree) and a radial
‘eccentricity of 1575 mis wr‘?en nstaled in the vacuum chamber. The large
correction weihghts required rfor balancing vetoed any further attempts to
balance the rotor. Thus, FW4 was removed from' the vacuum chamber,
disassembled, and a dimensional tolerance was conducted

The only tolerance discrepancies observed were on the central bushing and
on the dowel pin hole locations in the central bushing and spring spoke plates.
The central bushiﬁg registerea a 3.5 mis runout on the top centering boss and
a 2'52" (0.047 degree) .tilt on the top swface against _which the spring spoke

plate rests. The runout and tit location were separéted by "135 degrees. The

bushing was remachined to specification thus loosing the top boss' use n

centering the spring spoke plate. Upon reassembly, the spring spoke plates were

matched to the central bushing by having three dowel pin holes -from egch@

component match the corresponding holes in the central bushing ‘
" Once reassembled and reinstaled © the vacuum chamber the assembly
indicated a tit of 16'37° (0.277 degree) and a radal eccentricity of 7 mis,
. haltng any further attempt.é in testing the rotor.

Several observations of interest can be made with respect to the initial
correction weight magnitudes requred for each rotor design -

[
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1.+ + For FW1-1, the iitia! static correction (420 g-cm/340 deg) is out of
phase with .that'_"made to the hub prior to assembly (3495 g-cm/170 -
deg) indicating that sightly more material was removed than what wa{\
requred at that time. .Thus, the total static imbalance in the SMC hub
‘was in the order of 308.3 g-cm. By comparison, the total static
‘ imbalgnce in rotor. FW3-1 was 103.4 g—cm;

2. The initial balance of rotor. FW2-1 requirec‘i a significant static correction
of 8179 g-cm at 153 deg Agan this correction was out of phase
with the correction made to the hub prior to assembly. However, as
was discussed n seclion 6.3.1 the S2-laminated }“l‘.lb was not so much
out of balance as tgng:naly percetved. From the combined data, the .'

* actual h\bélance n-this hkub was in the order of 197.1 g—cm -

3, Rotor FW3-1 required the least amount of balance reiftive to the other
rotors considering that this rotor was assembled without any component
prebalance.. Further, the flex—rim hub was removed from this rotor
after ring falure .occurred (moderately rough treatment) and used in
rotors FW3-2 and FW3-3. This hub received some damage curing the
falura sequence which accounts for the increased imbalance of the
latter two rotors. Also, both FW3-2 and FW3-3 were balanced under
evacuated conditions resu.lthg_B" a much higher precision balance over
FW3-1 as evidenced by the residual amphtudes.

. \
T




Balance Data for the Final Rotors, .

Tabla 3
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CORRECTICH WEIGHTS® BALANCE RESICUAL AMPLITUDES AT 3JALAMCE CFICI
SPEED PRETES Y PUST-TESY
ROTOR/TEST STATIC {g/cm) COuUPLE (gicm‘) {rem) PLANE 1 PLANE 2 FLANE 1 PLANE
FWl-121 42.0734C - 1,000 0.6/182 0.5/002 1.1:190 1.3, EEY
12 1.4,285 - 13,000 2.2/187  2.5,C27 - },.CC
% 66.7/127 ey /2% 3.000 | va2se 35 | ovszas as 3,458
/4 . -£ - 3,000 1.7/245 3.97320 | 1.5%:24a .41 1t 1,410
4 ‘s .
]
; 2552.1/126 , - , n oy e oy -
/9 160.0/105 ; 2552.1/305 3,000 0.3/PH* Q.3/FH 0.1/PH 3.3, 038 31.00
- 1
/8 7.0/2%6 Note 4 3,000 0.2/PH  0.2/PH - - 3,08
/7 Note 4 Hpe ¢ - . . - - 1,542
/8 «HNotp 4 © ~ Note & - - - - - S.oto
FW2-1/1 817.9/153 - 3,000 J1.1,298 1.1/118 1.4/017 1,3/9% 5,300
. ‘
/2 33.3/173 :;gi'?§?§§ 1,000 0.0/PH  0.2/PH | .1.1,285 1.1,16¢ 12,753
: 456,102 ) S, e - .
/3 87.3/187 4567282 3,000 1.¢/197 0:9/022 1.4/355  13.0/253 22.iCto
s ,"-...-//
288/092 c RSN
/4 107.3/0 Y 2B8/277 3,000 0.4%102 1.2/165  3.77109 1.412.5 l4,79]
E
493.6/141 ' _ : 2y an
FW3-1/1 103.4(115 474.6/323 1,500 0.9/300 2.3/320 =. ‘ 21,378
1680.2/142 P T gy a o
FW3-2/1 303.4/141. 1680.2/322 3,0C0 0.2/PH  0.3/PH | 3.2/ g 22,00
Note § - - - - ) ~ - ’
.- ‘ T
1142.3/171 - ; IR
Fu3-3/1 300.6/94 1142.3/343 3,000 0.4/209 0.6/86 11,3148
Notes: 1. Static correction weights are given as: correction {g-cm)/phase angle {degrees). Oynamic correct oy
are given for planes 1 and 2, respectively, as: correction {g-cm?)/phase angle 'deqrees,.
© 2. Amplitude vectors are given as: amplitude (mils)/phase angle (degrees).
3. 'PH' designates "Phase Held™, i.e., the amplitude was too low.for *the DVF to compute & phase angie.
4, No balance required. N e
5. Rotor FW3-2 was extensively tested and;useg for all of the dynamic experiments, .
) ; " 0 o »
* - -
- * (B

F.
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Chapter VIII
CONCLUSIONS ;

A high speed, -precision balance laboratory was established n conjunction
with the spin test faciity development [32]1 The rotor dynamics monitoring
equipment was also used for -precision rotor balancing

The static/couple derivation together with slow—rol compensation was shown
to be an effective precision balance technique and .alowea for -experimentai
investigations to be performed on rotor induced motion -This includes the
experimentally evaluated moment induced retrograde whil and change in rotor
balance status with speed as .well as syétem"nduc:ed motion such as resonant
ol whip. Bysallowing to dscretize each rotor dynamic phenomena, the test
engineer was provided with the dagnostic knowledge for proper interpretation of

{ ’ )

the dynamic resp'onse;f encountered during rotor spin tests. ~

The conclusion to be drawn from the balarnce data is that the

-

composite-hub ro';ors experienced mass shifting during the ﬁrs several runs to
desigh speed It is belaved that this shifting resulted from conlponent 'seating’
between the FRA and the rotor, not from hub material migration. Once seated,
however, they became very repeatable as experienced with FW1. Thus, from
both the balancing and state—of—balanbe retention points of view, rotor deéign

FW3 is clearly the most desirable.

-84 - 2
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| Appendix A _
BALANCING PROGRAM -STATIC2-

i

Static Balance Computer Pfogam for .Overhung Rétors, written for a
Hewlett-Packard 41C or 41CV programmable calculator.

COnce the program éxecut’ic_:n is initiated, it.is designed to stop and ask for
each input value by an alphanumeric prompt After each input the R/S key is:
pressed to resume progrém execution

There is a total of ten prompts to key in the required data for balancing,

folowed by five more prompts if trim balancing is desred The alphanumeric

1)

prompts for initial balance are:

1. "AMP1 AS IS?7" - Amplitude at probe #1 as is )

2. "PHASE1 AS IS?" - As is phase angle at probe #1 '

3. "AMP2 AS IS?" - Ampltudé at probe #2 asis .

4. "PHASE2 AS IS?* - As is phase angle at probe #&/

5. "TRIAL WEGHT?" - Trial_ weight value, located at mid-span axially
6. “TRIAL ANGLE? -~ Angular location of the trial weight

7. "AMP1 TRIAL?* - Amplitude at probe #1 with the trial weight -

8. ‘PHASE1 TRIAL?" - Phase angle at probe #1 with the trial weight

9. "AMP2 TRIAL?"

Ampltude at probe #2 with the trial weight
10. "PHASE2 TRIAL?" ~ Phase angle at probe #2 with the trial weight
Pressing the -R/S key after keying in the last nput vale wi begin the

program execution and the “program execution annunciator symbol” wil appear

-85 -
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on the dsplay and wil travel from left to right untl the computed corr‘ez:l;tibn
weight is displayed . The angular location of the correction weight is cﬁsplayéd
by pressing the R/S key once more, |
If the after balance dynamic response is not exactly as desired, trim
balancing wil provide the final correction
Pressing the R/S key wil yield the "TRIM BALANCE" display indicating that the
program is at this stage of its execution Pressing the R/S key again wil put
the calculator in the data input mode for trim balance and the program is again
designed to stop and ask for each input vamé, measured at balance speed.

The alphanumeric prompts for trim balance are:

1. "‘RES AMP17* - Residual amplitude at probe #1 after initia] balance
2. "RES PHS1?* — Corresponding phase-at probe #1
3. ‘RES AMPZ?: - Residual ampbtude at probe #2 after nitial balance
4. "RES PHS27" - Corresponding phass at probe #2

Pressing the R/S key after keying in the last data input value wil begn the
execution of the trim balance portion of the program and the ‘program
~execution annunciator symbol® wil again appear on thg display and travel from
left to right unti the computed trim correction weight is displayed. The__. angular |

location of the correction weight is displayed by pressing the R/S key one last
time. . |
This routine was successfully verified n the laboratory.
A fisting of the computer program is contained in the folowing five pages.
Note. Whenever quotation marks ("} appear around a character or a string
of characters, these characters should be keyed in as alphanumeric characters.
The asterisk is onl)_r a visual aid to help the reader. locate labels in the

program fsting
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92
93
i
95
26
p7
g8
P9
19
1
12
13
14
15
16
17
18
19
28
21
22
23
24
25
26
27

28

29
39
31
32
33
34
35

*BL "STATIC2"
AMPT AS IS 7"
PROMPT

STO @9

"PHASE] AS IS 7"
PROMPT

STO @1

“AMP2 AS IS 2"
PROMPT

STO 92

“PHASE2 AS IS 2"
PROMPT

ST0 93

"TRIAL WEIGHT ?"
PROMPT

STO @4

"TRIAL -ANGLE ?*
PROMPT

STO @5

"AMPT TRIAL ?"
PROMPT

STO @6

"PHASET TRIAL ?"
PROMPT

STO @97

"AMP2 TRIAL ?"
PROMPT

STO @8

"PHASE2 TRIAL ?"
PROMPT

STO 99

XEQ "W1g"

XEQ "W2@"

XEQ "CADD"

ST 99

87



36
37
38
39
49
a1
42
43
44
45
26
47
a8
49
50
51
52
53
54
55
56
57

58

59
60
61
62
63
64
65
66
67
68
69
"
71

Y <> ¥

STO 21

KEQ "WITM
LEQ W21t
XEQ "CAGD"
STO @6

¥ <> Y

STO @7

KEQ "Wlg"
XEQ "W11Y
£EQ “"CSuB™
KEQ "WTW"
KEQ "CDIV"
STO ¢4

¥ <> Y

STO @5

LEQ "W1p"
AEQ "WI1T"
XEQ “"CDIV"
XEQ "DISP"
STOP

“TRIM BALANCE"
PROMPT

"RES AMP1 2%
PROMPT

STO (@

"RES PHS1 ?¢
PROMPT

STO @1

"RES AMPZ 7"
PROMPT

STO @2

"RES PHSZz 2"
PROMPT

STO 93

XEQ "W1g"
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72
73
74
75
76
77
78
79
80
81
82
83
84
85
86
87
88
89
99
91
92
93
94
95
9
97
98
99
199
131
192
193
194
195

XEQ "W2Q"
XEQ "CADD"
{EQ "WTW"
AEQ "CDIV"
KEQ "DISP"
STOP

*LBL "W1@"
RCL @1

RCL 98

RTN

*LBL "W2g"
RCL @3

RCL @2

RTN

*LBL "Wl
RCL @7

RCL @6

RTH

*LBL "W21"
RCL @9

RCL @8

RTN

*LBL "WTHW"
RCL @5

RCL @4

RTN

*LBL "CADD"
P-R

X <> 4

RDN

RDN

P-R

R+

+
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166
107
108
109
119
AR

112
113
114
115,
116
117
118
119
129
121

122
123
124
125
126
127
128
129
139
131

132
133
134
135
136
137
138
139

RON

F

R

R-P

RTN

*LBL "CSuB"
P-R

CHS

X ooy
CHS
RDN
RDN
P-R

R

+

RDN

&

R+

R-P
RTN
*LBL "CDIV"
1/X

X oo ¥
CHS
RDN

*

RDN

+

Rt

RTN

*LBL "DISP"

"COR. WGHT ="

ARCL X
AVIEW
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143
141
142
143
144
145

STOP
"ANGLE = "
ARCL Y
AVIEW

RTHN

END
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Appendix B
BALANCING PROGRAM —BALXI\%E/

Two 'glane [Rigid Rotor Balance Computer Program written for the
Hewlett-Packard 41C or 41CV caleulator.

With the exception of the “trim balance” feature, the program was prepared
by Paw Y. Kim in June, 1980 as a Llaboratory Mernorandur(njpr the National
Research Councl of Canada, Division of Mechanical Engineering, Enéine Laboratory

section, Ottawa, Canada.

The following program e description was taken from PY. Kim's

memorandum.
The calculator is programmed to stop and ask for each input value by an
alphanumeric prompt

¢
After pressing the ON key to twun on the calculator, the folowing keys

should be pressed in the order fistac

1. XEQ

2. ALPHA

3. BALANCE o
4, ALPHA

1. The frrst prompt is "AMP1 AS IS?". This means that the cakulator is
ready to accept the input value of the 'émplitude 21 as s, that is, ONLY the
amplitude value (not the phase angle) of the orignal unbalance response at the
probe #1. Key ‘in the value, then press the R/S key. After keying in each input
value, the key R/S should be pressed to resume the calculation

- g2 —
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2. The second prompt is "AMP2 AS IS?". Key in the ampltude value, not
the phase angle, of the original unbalance response at the probe #2, then press
the key R/S.
3. The third prompt is "TRIAL WEIGHT1?". Key in the weight of the first
trial weight at the balancing plane #1, then press the key R/S.

¥
4. Simiarly, the next five prompts are:

1. "AMP1 TRIAL1 7" |

2. "AMP2 TRIAL1 7- ' ' ‘
3. “TRIAL WEIGHT2 7-

4. “AMP1 TRIAL2 7"

5, "AMP2 TRIAL2 ?*

They mean "Please key in the values of"

1. “Amplitude at probe #1 with the trial weight at plane #1,

2. Amplitude at probe #2 -with the trial weight at plane #1,

3. Trial weight at the balancing plane #2,

4. Amplitude at probe #1 with the trial weight at plane #2,

5. Amplitude at proba #2 with the trial weight at plane #2, respectively.

5. The next five prompts as for the phase angles:

1. ‘PHASE1 AS IS 7?7
2. "PHASE2 AS IS ?*
3. "TRIAL ANGLE1 ?*
4, "PHASE1 TRIALT ?*

"PHASE2 TRIAL1 ?7*
"TRIAL ANGLE2 ?*

"PHASE1 TRIALZ 7*

B B A

"PHASEZ TRIAL2 ?°
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The unit of phase angle is 'degree”. Corregponding values to be keyed in '

after each prompt listed above:are:

1. ‘The value Z:if origimal or 'as is” phase angle at probe #1,

2. ) The value of or‘iginaj or “as is" phase angle at proba #»2,

3. Phase angle of the trial weight at balancing plane #1,

4, Phase angle at probe #1 with tn;u weight at plane #1,

5, Phase angle at probe #2 with trial weight at plane #1,

8.  Phase angle of the trial weight at balancing plane #2, e

7. Phase angle at probe #1 with trial weight at plane #2,

8. Phase angle at probe #2 with,trial weight at plane #2, respectively.

After keying in al the values, one at a time fonowec; by the R/S key, the
"program ~execution symbol’ wil appear on the dsplay and wil travel from the
left end to the right end of the display. The motion of the ‘program egecuﬁon
symbol® on the display - of the calcuator means that the program is being
executed After the symbol traverses the display approximately five times from
left to right, the first computed correction weight is displayed. After the figures
stop in the display, the R/S key should be pressed to procéed to the next
computed correctional weight.

Trim balance is performed in the same fashion as for static balance wjth the-
exception that the R/S key has to be pressed two more times to obtan the

lower plane cerrection nformation

-

A listing of the computer program is contained in the folowing nine pages.

Note: Whenever guotation marks ("} appear ar;:a.md a*character ar a strhg
of characters, these characters shoud be keyed in as alphanumeric characters.
The\e_xgt\erisk is only a visual aid to help the reader Iocaute labels n the program
listing '



g1

@2
@3
@4
. @5
@6
@7
@8
49
19
1
12
13
14
15
16
17
18

19

20
21

pE:

23

24
25
26
27
28
29
ig
31
32
33
34
35

+LBL "BALANCE"
"AMPT AS IS 2"
PROMPT

STO @t

TAMP2 AS 1S 2"
PROMPT

STO @2

"TRIAL WEIGHTT 2"
PROMPT

STO 03

"AMPT TRIALT 2"
PROMPT

STO g4

"AMP2 TRIAL1 2"
PROMPT

STO @5

"TRIAL WEIGHT2 2"
PROMPT

STO ¢6

"AMPT TRIALZ ?°
PROMPT

STO 97

"AMP2 TRIAL2 2"
PROMPT

STO 98

"PHASE] AS IS 2°
PROMPT

SORE

“PHASE2 AS IS 2"
PROMPT

ST 12

TRIAL ANGLED ?"

PROMPT
ST0 13
"PHASE1 TRIALT ?"
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36
- 37
38
39
49
4
42
43
44
45
46
47
48
49
5¢
51
52
53
54
55
56
57
58
59
6@
6
62
63
64
65
66
67
68
69
70

PROMPT

STO 14

"PHASE2 TRIALY ?"
PROMPT

$TO 15

"TRIAL ANGLEZ ?"
PROMPT

STO 16

"PHASE1 TRIAL2 ?"
PROMPT

STO 17

"PHASEZ TRIAL2 ?"
PROMPT

STG 18

XEQ “HIT"

XEQ "W1Q"

XEQ "CSUB"

XEQ "T1"

XEQ "CDIV"

STO 21

X o> ¥

. STO 31

XEQ “W21"
XEQ "W2@"
XEQ "cSUB
EQ “T1"
XEQ “CBIV"
STO 22

X <> ¥
STO 32

XEQ “W12"
XEQ "W18"
XEQ "CSUB"
XEQ "T2"
XEQ “CDIV"

96



7
72
73
74
75
76
77
78
79
8¢
8
82
83
84
85
86
87
88
89
90
91
92
93
94
95
96
97
98
99

106

181

192

103

194

185

STO 23

XY

STO 33

“EQ "W22"

XEQ "W2p"

XEQ "CSUB"
XEQ "T2"

XEQ "CDIV"
STQ 24

X o

STO 34

XEQ "ALPHA1Z"
XEQ "ALPHAZ21"
XEQ "CMULT"
STQ 29

X <« ¥

STO 39

XEQ "ALPHAI1"
XEQ “ALPHAZ2"
XEQ "CMULT®
RCL 39

RCL 29

KEQ “Csus"
STO 25

X <« Y

STO 35

XEQ "ALPHAZ22"
LEQ "Wig"

XEQ “CMULT"
STO 26

X <> Y

STO 36

XEQ "ALPHA12"
XEQ "W2g"

XEQ "CMULT"
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T T T

106
107
108
109
119
[RR
112
113
114

- 115

116
117
118
119
120

121

122
123
124
125
126
127
128
129
130
131
132

133

134
135
136
137
138
139
140
141

RCL 36

RCL 26

XEQ "CSUB™
XEQ "DENOM"
XEQ "CDIV"

'XEQ uucau

STOP

XEQ "ALPHAT1"

XEQ "W2@"

XEQ "CMULT"

STO 27

O

STO 37

XEQ "ALPHAZ21"

XEQ “W1p"

XEQ "CMULT"

RCL. 37

RCL 27

XEQ "CSUB"

XEQ "DENOM'

XEQ "CDIV"

XEQ "UC2"

STOP

*LBL "TRIM BALANCE"
PROMPT-

"RES AMP1 2"

PROMPT

STO 48
"RES AMP2 ?"
PROMPT

STO 41

"RES PHASE1 ?"
PROMPT

$TO 42

RES PHASEZ 7"

PROMPT

98




142
143
144
145
146
147
148
149
15¢
151
152
153

154
155
156
157
158
159
160
161
162
163
164
165
166
167
168
169
179
171
172
173
174
175
176
177

STO
XEQ
<EQ
XEN
ST0

)

5TO
XEQ
XEQ
KEQ
RCL
RCL
XEQ
XEQ
LEQ
XEQ

STOP

XEQ
XEQ
XEQ
STO

STO
XEQ
XEQ
XEQ
RCL
RCL
XEQ
XEQ
XEQ
XEQ
RTN

43
“ALPHAZ2"
"RES1"
"CMULT"
26

Y

36
"ALPHAT2"
"RES2"
"CMULT"
36

26

"CSUB®
"DENOM"
"CDIV"
"RES UCT*

"ALPHAT1"
"RES2"
"CMULT"
27

X o> ¥ "

37
"ALPHA21"
"RES*
"CMULT"
37

27

“CSUB"
"DENOM"
"“CDIV"
"RES UC2"

*LBL "CDIV"

1/X%

X <> Y

g9



178
179
189

181
182
183
184
185
186
187
188
189
199
191
192
193
194
195
196
197
198
199
200
201
22
203

204~

205
206
207
208
209
210
211
212

CHS

GTO 60

*LBL "CMULT"
X o= ¥

*LBL GGX
RDN

*

RON

+

Ra.

GTO @2

*LBL "CSUB"
P-R

CHS

X <Y

CHS

RDN

RDN

P-R

R+

R-P
*LBL @2

RTN

*LBL "UC1"
ey =
60 91

*LBL "uc2"
g2 =
*LBL "g1”
ARCL X

" |- GRAMS,"
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213
214
215
216
217
218

219

220
221
222
223
224
225
226
227
228
229
230
231
232
233
234
235
236
237
238
239
249

241

242
243
244

245

246
247

AVIEW
STOP

ARCL Y

" |- DEG"
AVIEW

RTN

*LBL "W11"
RCL 14

RCL @4

RTN

*LBL "W1g"
RCL M

RCL §1

RTN

*LBL "W12"
RCL 17

RCL @7

RTN

*LBL "We1™.

RCL 15
RCL @5
RTN

*LBL "wez"

RCL 18

RCL 08

RTN

*LBL "W2@"
RCL 12

RCL @2

RTN

*LBL "T1"

RCL 13
RCL 93
RTN

“LBL "T2"
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248
249
25@
251
252

253

254
255
256

257

258
259
260
261
262
263
264
265
266
267
268
269
279
271
272
273
274
275
276
277
278
279
280
281
282

0

RCL 16

RCL @6

RTN

*[BL "ALPHAI1"
RCL 31

RCL 21

RTN

*LBL "ALPHA12"
RCL 33

RCL 23

RTN

*BL "ALPHAZ1"
RCL 32

RCL 22

RTN

* BL "ALPHAZ2"
RCL 34

RCL 24

RTN

[ BL "DENOM"
RCL 25

RCL 25

RTN

*|BL “RES1" -
RCL 47

RCL 40

RTN

* BL "RES2"
RCL 43

RCL 41

RTN

*BL "RES uC1"
"RES UCT="

GTO 91 '
*|BL “RES UC2"
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283 "RES UC2="

284 GTO @1
285 &ilD
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