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PEZIrae

AN EXPERIMENTAL INVESTIGATION OF THE STRUCTURAL DYNAMICS OF A
TORSIONALLY SOFT ROTOR IN VACUUM

SUMMARY

‘An extensive data base of structural dynamic characteristics has been
generated from an experimental program conducted on a torsionally soft
tvo-bladed model helicopter rotor system.. Measurements of vibratory
strains for five modes of vibration were made at tventy-one locations on
the twvo blades at spceds varying from O to 1000 RPM and for several
combinations of pre-one, droop and flexure stiffness. The tests wvere
conducted in vacuur under carefully controlled laboratory conditions using
& unique excitati~r device which uses a system of piezoelectric crystals
bonded to the ble : surface near the root. Frequencies, strain mode shapes
and dampings are extracted from the time histories and can be used to
validate structural dynamics codes. The dynamics of the system are such
that there is a clear tendency for the first torsion and second flap modes
to couple withirn the speed range considered. Strain mode shapes vary
significantly wvith speed and configuration. This feature is important in
the calculation of aercelastic instabilities. The tension axis tests
confirmed that the modulus-weighted centroid for the nonhomogeneous airfoil
is slightly off the mass centroid and validated previous static tests
performed to determine the location of the tension axis.
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INTRODUCTION

An accurate knowlndge of the dynamic characteristics of rotor blades

is essential in order for the designer to be able to determine the extent

of susceptibility of the rotor system to aeroelastic instabilities . These

dynamic characteristics include the natural frequencies, mode shapes and .
. damping of both the individual blades and rotor system. A data base of

these characteristics experimentally obtained under controlled excitation

for different configurations of the rotor obtainad (covering a range of

pitch, precone and droop settings at .esveral rotfor speeds) can be used to

validate structural dynamic analysis wmodels.

Accurate measurements of the structural dynamic characteristics in air
or in an operating environment cannot be made because of the influence of
aerodynamic demping. In nearly all rotor experiments, modes which exhibit
high aercdynamic damping are virtually impossible to meagure. Purther,
aeroelastic coupiing among the blade modes produces responses which do not
represent directly the basic natural system mode characteristics of the
rotor blades. Tunerefore it becomes essential to obtain by measurement the
fundamental modes and their characteristics in a vacuum environment and to
use these data to validate analytical models. The validated models can
then be used with confidence in the design-analysis process.

A motivation for the present effort comes from the results presented
at the methodology assessment workshop (Ref. 1) in vhich wide variation and
discrepencies between test data and correspondirg aercelastic analyses of
hingeless rotor models were reported by participants from industry and .
government. The validation of the isolated structural dynamics cosponent of
a rotor system mathematical model is an important step in developing an
aeroelastic computer code that can be used with a high level of confidence.

7
s

A Tyl
KN

L]
Y,
o

Ms an

This report presents the results of an effort to experimentally
determine the structural dynamics of a torsionally soft 6.32 foot diesmeter
tvo bladed rotor system in vacuum. Frequencies, mode shapes and damping
for the first three flap bending modes, first torsion mode and the first
lead-lag mode vere measured in vacuum at speeds varying between 0 end 1C00

1

")

- -~
AT e ey
n 3 t

9

RPM covering a range of droop, precone, pitch angle and pitch flaxure §
combinaticns as follows: E\
-'?:"

Droop 0, -5° ¥

Precone 0, +5°,
Pitch 0, +12°, -12°

Pitch Flexures: Soft and stiff

e R

&

O

o
i

5, -

¥l

~
.

s

[ R

I

P oty
ORI,

cq A am e s c e e . .
DI T R VI AR S VAR A AR R LA

1
’
.

a2

.

1

.

v

v

'

.

v

]

Y

’

.

"

»

.

.

3



-

-

a %
-\e

Vith 21 strain gages distributed at selected spanvise locations on the
tvo blades, a total of nearly 4000 time histories vere recorded for
analysis at each speed. The blades used are the same blades vhich vere
tested by Sharpe, 1986 (Ref.2), in order to establish the Plap-Lag-Torsion
aeroelastic stability of the rotor. Reference 2 prescnts, in much more
detail the background of this important problem area and serves as the
basis for the investigation reported here. The only oiher attempt made in
this regard is by Lee (Ref. 3) but the method of excitation used was such
that torsional characteristics could .not be obtained accurately. The
uniqueness of the present effort lie::ua the use of an excitation device
vhich can excite a desired mode using a system of properly positioned
piezoelectric crystals. The crystals arc bondad to the blades and under a
sinuscidal pi:or input, experience slternating streins vwhich in turn are
ieparted to the blades thrcugch the bond. This resvlis in a clean and
religble netnod of excitiny the blades at their resonesnces. This system
hag been found to be effective in exciting the first five modes of the
rotor system, The system is described in detail later in this report.
Vibratory data has been recorced from strain geges for all test
configurations at 0 and 1000 RPd and at three intermediate speeds for some
configurations. The data were reduced using Fast Fourier Transform (FFT)
techniques anc a modal curve fitting procedure.

An accurate assessment of steady bending and torsion loads cannot be
made vithout sccurately locating the blade tension exis along the chord.
This experimental program thzrefore, includad measuremcnt of the position
of the tension axis (i.e. the position of the modulus-veighted centroid
along the chord; an important section property ¢f noshemogeneous structuzal
me~bers) for the baseline configuration.

The report presents the aetsils of the program, & discussicn of
results obtainad sleong with principal conclusions reachad.

TEST OBJECTIVES

The specific test cobjectives of this program vere: (a) to determine
the loration of the tension axis of a specific blade of the rotor system in
vacuum at speeds up to 1000 RPM by mea.uring the staric lead-1lx3 bending
strain distribution, and hence bending mcments, (b) to chtain the dypamic
characteristics, namely strain mode shape, natural frequcncy end modal
damping for the first five modes of the rotor by measuring the distribution
of dynamic strains at predetermined locations on the blades while spinning
at spcads up to 1000 RPY in evacuated corditions, and (c) to determine,
through such measurements, the influence of precone, drocp, pitch and pitch
flexural stiffness.
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ROTOR MODE!.

As shown in Figure 1, the rotor mndel selected for the proposed study
is a 6.32ft diameter isolated hingeless tvo bladed rotor model with a NACA
0012 airfoil having no twist or taper. This rotor constitutes
configuration IIA as usad in the Integrated Technology Rotor/Flight

" Research Rotor (ITR/FRR) Methodology Assessment Study (Ref. 1). The rotor

vas originally used for aeroelastic stability studies reported in Reference
2, and is described in detail therein. The blade censtruction outboard of
the 9.5% radius consists of a unidirectionz1 Kevlar spar and 0.003 inch
(.0762 mm) thick glass fiber cl..th skin. The blade profile is maintained
by a polyurethane foam core. Inboard of the 9.5% blade radius, the
flexible blade is bonded into an airfoil shaned aluminum alloy cuff
attached to the root flexures at the hub. BEmbedded in the leading edge are
tantalumn segments f{or center-of-gravity and cross sectional polar moment of
inertia cont:ol. The cross-sectional properties were designed so that the
center of gravity and the elastic axis are coincident vith the quarter
chord point.

The dimensionless lead-lag and first flap blade frequencies, (1.5 and
1.13 respactively), are represertative of typical hingeless full scale
rotors but the dimensionless first torsion mode frequencies, (2.87 with the
stiff flexure and 2.56 with the soft flexure), are less thar typical full
scale values. The dimensionless frequencies vere obtained by dividing the
natural frequencies by the nominal rotor speed of 1000 RPM.

The rotor hub design permits variation of the pitch flexure (control)
stiffness, along with the precone, droop and pitch angles. Tvo pitch
flexures were used in the tests. The relatively soft one had a torsional
stiffness 7.062 times that of the blede whereas the stiff one vas almost
10000 times stiffer than the blade. Interchangeable hubs provided the
precone angles of O and 5 degrees as required in the testing. The required
droop angles of O and -5 degrees were obtained by having interchangeable
vedges positioned betwveen the blade cuff flange and the outboard face cf
the pitch flexure. Pitch angle settings of -12, 0 and 12 degrees for
testing were obtained by rotating the blade outboard of the pitch flexure,
at the interface between the pitch flexure and the drocp wedge.

The six basic rotor configuration cases that vere investigated are
shovn in Figure 2. These were selectively combined with the three test
pitch angles to give the twvelve selected test configurations for vhich
vibration data wvere obtained.
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VACUUM SPIN RIG

The UTRC Centrifugal Testing Facility (Spin Rig) was designed frum its
inception as 2 research tool dedicated to measurement of the in-vacues
- gtructural dynamics of rotating blade assemblies. As shown in Pijure 3,
this rig is an above-grouna facility with a t2st chamber measuring
approximately ten feet in diameter and three feet in height. Principal
mechanical featurcs of the spin rig are the vacuum pump system and the
rotor drive system.

The vacuum pump system evacuates the test chamter down to 100
millitorrs in less than 8 minutes. An automatic vacuum valve will isolate
the test chamber to prevent air leaking in should a pewver failure occwr.

The drive system consists of an 8-inch Barbour-Stockvell air turbine
and its associated electro-pneumatic servo control throttle valve which is
able to maintain required speeds at better than ¢ 1X. The bottom flange ~f
the turbine is fitted wvith a magretic pickup and a 60 tooth gear to provide
the signal to the speed control unit. A safety interlock system protects
against any loss of oil pressure, 0il flov. or oil level in the re-~rvoir.
A remotely operated turbine brake control wvill function in the event ot a
pover failure. &n overspeed trip solenoid air valve will shut off tie
drive air vhen the selected value of maximum speed is attained.

vy

A unique feature of the facility is the base mounted rotor drive
assembly vhich provides complete accessibility to the model retor and
uncbstructed viewing through the lid from above. Figure 4 shows thsz
conceptual arrangement of the model rotor installation in the test
facility. The model was mounted to the top of the drive sha{t using a
special adapter. The drive shaft rotates in 4 squeeze film damper bearing
ircorporated in the sealed duplex bearing assembly mounied bensath the rig
floor. The lover end of the shaft is connected tc the air turbine using a
flexible coupling. A 40-channel sl’'p ring unit is samilarly connected to
the luver end of the turbine shaft. Figure 5 shows the model rotor mounted
in the spin rig., Prio. to testing, wiih the model mounted on the shaft,
the rig model frequencies, wvere determined using an instrvmerted hammer and
signature analysis methods. The lovest frequency found wvas 88 Hz for a
shaft bending mode in the direction of the blade radial axis. This
frequency is above *he minimum recommended in order to preclude the
dynamic coupling between the rig and the rotor tlade lead-lag motica from
contaminating isolited blade frequency and damping measurements.
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Inftial runs vere made to 980 RPM with the chamber evacuated down to g,
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PIEZOELECTRIC CRYSTAL SXCITATION S¥STEM

The research objeztives of this program required that the technique
chosen for the excitation of rotor cyciems should be one in which the
level, frecuency, and phase characteristics of excitation can be
controlled. In this vay, the individual modes of each blade and of the
rotor could be excited at speed, to permit determination of the modal
parameters from resulting response data. The Piezoelectric Crystal

Excitation System daveloped at UTRC satisfies this requirement and was used
in this program.

v

The piezoelectric crystal, by virtue of its unique electromechanical
properties, is ideally suited for exciting structures wvith minimum
modification of the structural mass and stiffness properties and can be
used in both rotating and nonrotating tests. Piezoelectric crystals have
previ~usly been successfully used as structural exciters in studies of
bladerd disk forced vibrations (References 4 and S5). In the atove
applications piezoelectric crystals vere used also as transducers to
measure strain in the various structures. Excitation by crystals ca be
effected in two vays. In the first, a crystal sandwich is positioned
between two components of the structure such that wvhen a <oltage is applied
to the faces of the crystal, relative motion between the components
results. Disadvantages of this method are the change in stiffness of the
structure that occurs at the crystal-structure junction and the high
excitation voltages required. In the second, an elongated crystal vafer is
bunded to the surface of the structure such that vhen a relatively low
voltage is applied to the crystal, a lengitudinal strain is imparted to the
surface vhich in turn produces a local bending norent about the neutral
ax’s and so bends the structure. This method is obviously best suited to
excite plate-like structures and was thus selected for the present
application,

Crystal wafors are attached to ' . vlade surface at locations vhere
significant strains are expected in the modes of interest. Each blade is
instrumented in this way and the erystal installations become a permanent
feature of the blude assembly. Electronic circuitry has to be provided to
enable the phasing betwveen each blade exciter and input powver level to be
varied as requirea. Thus, blade modes and rotor modes can be excited.

A UTRC designed and fabricated excitation control unit provides for
independent level and phase control of the a.c. voltage supplied to each of
the crystals on the blades. This independent control of the phase angle
between the crystals pernits the optimum excitation of each mode, both
symmetric and antisymmetric. Such values are dialled in for each chanael
at the master control panel. Phase angle is variable frem O to 360 degrees
in steps of 1.41 degrees. The amplitude control to each channel is
continuously variable from O to 140 volts peak. The signal generator used
is a Hewlett Packard Kodel HP 3311A with an external control unit to allow
very fine frequency tuning. The i 150 volt d.c. pover was supplied by tvo
NJE Model EA160-8 unmits.
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The plezoelectric drive crystals attached té the blades for the
present test program were of G1356 material supplied by Piezo Electric
Products. They vere made of lead zirconate titanate ceramic material with
nickel surface electrodes. The elements, nominally measuring 1.0 x 0.5 x
0.010 inch, were epoxied directly to the upper surface of each blade as
. close to the cuff as possible. Twvo drive elements vere attached to the
upper surface of each blade, one above the spar and one at the trailing
edge as shown in Figure 6. These locations wvere chosen in order to
maximize excitations of all the bending and torsion modes of interest with
minimum disruption of the original section properties. Two vires from each
crystal wvere routed to yexaminz] strips bonded onto the cuft. From these,
connections vere made to coaxial cables which vere routed down the drive
shaft to connect with the four channel control consele via slip rings.

INSTRUMENTATION

In order to measure steady bending moments at tvo locations on the
tlade and distributed vibratory blade response, tvo sets of instrumentation
and data acquisition systems vere utilized. In both cases, the required
SN parameters wvere derived from the output of skin-surface mounted strain
N gages. . - -

r""

-1-;“'.,'

For the bending moment measurements used to locate the tensile axis,
blade S/N 5 was instrumented with the same system of gages as was used in
the stability investigation reported in Reference 2, i.e., the gages wvere
mounted near the cuff in a conventional four arm bridge arrangement to
measure blade flap, lead-lag and torsional moments. The flap and lead-lag
gages vere at 12X blade span and the torsional gagss were at 14X span.
Additional gages hovever, arranged to measure lead-lag moments, vere
located at 34X span. The gages vere Micro Keasureasnts type CBEA-C6-187

T
AL

b,

2y
s

v b
P
.

T
P 2

TIVT

Y
Wy s Y
bd
>

ot

{E UW-350 (for flap and lead-lag) and CEA-06-187UV-350 (for torque).
;5& The strain gage leads were rcuted through the center of the drive
3 % shaft and turbine to the slip ring unit and then cennected to the bridge
TN excitation and signal conditioning system. This system vas the front end
?;3 portion of the Analog Data Recording System (ARES). This is a semi-
fyi portable system for the automatic acquisition of static and dynamic test
%ﬁb data with oscillatory frequencv rates from zero to 20 kHz. A eiximum of 28
N analog signals can be processed. Each channel incorporates independent

& signal conditioning and amplification. The signal conditicners were

Qé specifically designel for strain gage type transducers and provide

AN regulated excitation up to 10 volis. The amplifiers provide voltage

‘\4 anplification of 1, 10, 100 or 1000, and are each equipped witii low pass
““N signal filters with roll off frequencies of 104z, 1003z, 10kHz, and 100kHz.
é% Signal monitoring was achieved th-ough a single channel selectable digital

display readout which includes RMS measurement capability for averaging
dynamic signals. The excitation voltage used vas 2.0 volts. The
conditioned analog signals wvere then digitized using a Perkin Elmer PE3220
computer controlled data acquisition unit and the steady state responses
tabulated.
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Calibration of the gages wvas accomplished directly by applying forces
and moments, using a system of weights at the blade tip, and recording gage
output vith the blade stationary.

For the vibratory measurements one blade, S/N 8, vas instrumented
extensively with strain gages at 16 locations for modal identification
purposes, while the other blade, S/N 5, had gages at five locations near
the root for determining modal frequencies and damping and to assess
coupling between the blades.

Pretest calculations vere performed to assist in locating the gages
such that sets of gage:z woult de smnsi+jr= to particular types of modes,
i.e.flap, edgevise or torsion, and give a reasonable estimate of the span-
vise distribution of dynamic strains in euch mode.
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The principal analytic tools used vere the E159 preprocessor and the
coupled mode (eigensolution) calculation portions of the G400 roter
aeroclastic analysis (Ref. 6). The E159 preprocessor portion of G400
calculates, from distributions of section properties, the nncoupled
flatwise, edgevise and torsion normal modes. Uncoupled modes are defined
to be those calculated from omitting pitch, twvist, droop and precone
effects. These effects were modeled using the coupled mode elgensolution
calculation portion of G400. The mass and stiffness data, showvn in Table
1, vere distributed over 20 blade segments in a format compatible with G400
requrrements. The node point locations tor these segments are shown in
Figure 7. The flexure vas located at the first blade segment, taken just
outboard of the hub. The area radius of gyration distribution along the
blade vas approximated by using the torsional inertia and mass of each
segment,

- o

o

'y

The uncoupled bending and torsion modal characteristics of the blades
vere determined for each of the two pitch flexures at rotor speeds of 150,
400, €00, 900 and 1000 RPM using the E159 routine. A tebtulation of the
natural frequencies calculated for the first three flap and first edgevise
and torsion modes versus speed is given in Table 2, In order to obtain
coupled nodal characteristics it wvas essential to include precone, pitch
and center of gravity offsct in the blade equilibrium calculations. This
made it necessary to calculate time-history snlutions prior to the
calculation of the eigenvalues. The blade precone angle was defined to be
the built-in angle which the blade pitch axis makes with the plane of
rotation due to hub orientation at the root. Blade droop was defined as
the built-in coning outboard of the pitch change bearing. Using these
inputs, sample calculations vere made. Difficulties were experienced with
unstable solutions resulting in excessive amounts of pitch and droop for
the soft flexure at high speed. Also the complex mode shapes showed an
unreasonable amount of torsion in many of the modes. The frequencies
hovever, agreed well with those of the uncoupled analysis. Further
investigation of these problems was bayond the scope of the effort.
Therefore, all decisions on gage location were based on the results from
uncoupled analyses.
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The uncoupled displacement mode shapes were examined for node position
changa with configuration and speed. These node excursions are showvn in
Figure 7. The strain gage locations vere ¢i0sen on the besis of maximum
strain for a given type of mode with minimum response in the other types of
mode. The selected locations on blade 5/N 8 are shown in Figure 7 and 8.
. Four locations (#1, 2, 3, & 4) along the spar vere selected to identify the
flap modes. These were in a half-bridge hookup with a gage on the upper
and lover surfaces. Three locations (#5, 6 &7) along the trailing edge on
the lover surface were selected for edgevise mode identification. These
wvere connucted in & single-arm bridge urrangement using a 350 ohm resistor
in the other arm. For torsion mode identification, three locations (%8, 9,
10 - #11,12, 13 - #14, 15, 16) vere selected and a rectangular rosette,
comprising three single-arm gages, was attached to the upper surface at
each location. On blade S/N 5, the locations closest to the cuff wvere
gaged, namely #1, 5, 8, 9, & 10.

The strain gages selected were Micro Measurements type EA-13-250BF-350
(single gage) and type EA-13-250RD-350 (rosette). Prior to {nstrumentation
of the blades, the thermal integrity of a candidate strain gage was checked
in vacuum using a gage on the spare blade. The gage (type CEA-XX-167V-350
with a grid area of 0.034 sq inch approx) was instrumented with a 1 mil
K-type thermocouple connected to a data acquisiton unit. A vcltage of 6.7
volts wvas applied across the gage in a half-bridge connection simulating
the proposed test conditions using strain gage amplifier modules. In air,
the steady state temperature measured vas 120 degrees F and at a reduced
pressure of 100 millitorr, the temperature rose and stabilized at 131
degrees F. It vas concluded that the selected strain gages would be
suitable for the proposed testing.

3

Signal conditioning was accomplished using twvelve UTRC designed and
built units mounted radially in the hub-to-shaft adapter as shown in Figure
5. These precalibrated units provided the half-bridze completion network,
excitation voltage (6.9 volts), signal amplicetion ("430) and multiplexing
svitching control. (7 input channels, 1 output channel). Onboard
amplification vas required to minimize cross-talk betveen the strain gage
signal leads and the crystal exciter supply vires going up through the
center of the drive shaft.
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The strain signals were filtered, digitized and recorded on magnetic
tape by the computer controlled UTRC Aeromechanical Trensient Logging
System (ATLAS). For the present tests sampling rates of from 100 to 4000
samples/second vere used to cover the required frequency range. The
maximum number of data channels that could be acquired simultanecusly by
the ATLAS was twvelve. In order to obtain correlated data from all twenty
one strain sensors, a multiplexing system wvas employed. The strain gages
vere grouped into three sets with three reference gages common to all sets.
The reference gages selected vere at locations #1, 5, and 9. The
allocation of channels in each set is shown in Table 3. Vhen the command
to acquire data was given to the ATLAS computer, the multiplexing switches
in the on-board signal conditioner units were set and strains were recorded
from each set consecutively as directed by the computer.
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I.. order to allow an independent determination of modal
characteristics from the dynamic tests, analog data vere obtained from the
"gtatic" set of gagss on blade S/N 5 and gage #1 on blade S/N 8. These
time historier were recorded on magnetic tape using a Bell and Howell
Datatape VR3700B F.M. recorder. A triggered pulse was simultaneously
recorded to mack the start of each transient event. The set up parameters :
and channel assignments are given in Table 4.

DESCRIPTICN OF TESTS

b

Neutral Axis Location~Tes\c

The objective of these tests was to determine the lead-lag moment
caused by the tensile axis center-of-gravity offset without the influence
of aerodynamics.

Prior to spin testing, the moment sensitive gages rn blade S/N 5 were
calibrated by directly applying forces and moments using a system of
weights at the blade tip and recording goge output with the blade
stationary. The calibration determined for the lead-lag bridge was 2.33
ft‘lb/mv.

The rotor was then spun up and the output of the lead-lag bridge was
recorded at speeds of approximately 200, 400, 600, 800 and 1000 RPM.

Vibratory Modal Characteristics -

The objective of this series of tests vas to identify, for each of
tventy four distinct mechanical roter configurations and four pitch angles, .
the eight lowest blade hub-fixed natural modes in terms of strain mode
shape, natural frequency and damping values. Twelve confivurations were
tested and these are listed in Table 5. The case numbars correspond to the
ITR Configuration II-A cases with subcases indicated by (a), (b) or (c)
relating to the pitch angle used. Three pitch angles were tested (-12, O
snd 12 degrees). 1In general, data vere recorded for the first three {lap
(1F,2F,3F), first edgevise (1E), and first torsion (1T) modes at the zero
speed condition and at 1000 RPH. Data at intermediate speeds were recorded
for two basic configurations.

Initial tests were performed to determine the optimum phasing of the
drive crystal signals to excite all the required modes and in particular,
the differential edgevise or lead-lag mode. The collective lead-leg wode
vas not intentionally excited.

The procedure to obtain a data record required the rig to be first
stabilized at » specified speed. Then the crystals were energized at z
specified voltage level and phasing. To f£ind the system frequency, a
responsive strain gage channel vas monitored visually on an oscillosccpe as
the exciter frequency vas swept slowly about the expected frequency of
interest. Vhen it was seen that the blade response was at a maximum, other
gages were switched on and observed. By noting their amplitudes and
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phasing, the mode excited could be identified. At this point, the
excitation was switched off and data for one set of gages vere acquired and
recorded on magnetic tape. Data from the remaining twvo sets of gages vere
recorded for the ide~tical conditions in the same way. Table 5 shows the
order in which the tests vere performad giving the configuration, speed,

. record number of each datapoint and the modes for vhich data vere obtained.

Throughout the test program, a problem in the vacuum rig drive train
caused an undesiratle one-per-rev excitatien which contaminated the crystal
generated transient response data. The rotor response characteristics vere

- composed of one-per-rev and ! ter harmonics, not only in the lead-lag
torque mode but also in the flap and torsion modes through coupling.
Particular difficulties were experienced at speeds vhere natural frequency
order line coincidence occurred i.e., at 600 to 800 RPH (edgevise and
torsion modes) and at 1000 RPM (torsion mode). It was later determined
that a possible source of the roughness was a slightly damaged squeeze f£ilm
damper bearing.

Following the tests on the spin rig, the dynamic gages on blade S/N 8
vere calibrated in a bench test, by statically loading the tip of the blade
with & series of force.: and moments. The resulting sensitivities at each
location for flap vise, edgevise and torsional loadings are given in Table
6 Rotor configuration was configuration #1 vith zero pitch.

DATA REDUCTION

Vibratory Hodal Characteristics

Data reduction pregrams, as described in Appendix A, vere used to
extract the naturel frequeacy, damping, arplitude and phase from cach
recordzd strain respor se time history. Thece resulis vere then compiled
and presented in tabulated form as shown in Tables 7 to 35. Because of the
large number of time histories (nearly 4000) to be processed, certain
rejection criteria vere written into tha program to remove obviously
anomolous response data. The removal is indicated by a zero velue in the
amplitude and phase columns.

— ...

Inspection of the dynamic strain gage post-test calibration as shown
in Table 6 indicates an obvious inconcsistency in the sense of gages #1, 2,
3, and & vith the convention that tension is positive for each gage. These
gages vere the only ones connected in a tvo-gage half-bridge configuration
vhich accounts for the sense change. In the data reduction therefore, the
signs of the conversion factors used for these gages vere changed.
Examination of preliminary results for mode shapes indicated that the sease
of gage #8 was incorrect elthough no cause could be found. However, to
make the mode shapes as tabulated more logical, the sign of the conversion
factor for gage #8 vas also changed.
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DAASIAY

DISCUSSION OF RESULTS
Neutral Axis Location Tests

The millivolt readings vere converted to measure moments using the
previously determined calibration factors. In order to relate these
results with those measured statically by Sharpe in Reference 2, the
equivalent tensile loads applied at the measuring section vere determined
for each of the speeds using the given weight distribution (see Table 1)
for the blade. The measured moments are shown plotted against these
equivalent tensile loads in Figure 3. The speed scale is also shown for
reference. The "best fit" line throug! -the static results obtained by [}
loading the blade wvith radial forces applied at the quarter chord point at
the tip as shown in Figure 49 of Reference 2 is also shovn in Pigure 9.

As can be seen, the clopes of the static and sepin teat results are
essentially the samre indicating that the methods are equivalent. Thus the
determination of the tension axis location described in Reference 2 is
valid.

Vibratory Modal Characteristics

The measured modal parameters (frequencies, damping and strain mode
shapes) for the five modes and for all the test configurations and speeds
are tabulated and presented in Tables 7 through 35. In each of these
tebles, the natural frequencies for both blades are shown. The mode shapes
have been normalized with respect to a reference gage sppropriate to each
roda. The reference gage number and the normalizing factors (amplitude and
phase) are shovn st the bottom of each column. By rormalizing en the same
gage in each multiplexed set of strain data and relying on the fact that
each time history vas recorded at the same point relative to the imnut
signal, a set of correlated velues for a2ll gages on the rotor is obtained.
The results for blade S/ 5 are norualized separateiy and shown in a
separate coluan in each table. The phuse angles within & 190 degrees of O
or 180 degrees are rounded off to either 0 or 180 degrees respectively.

The natural freguencies for all configurations and at all speeds are
tabulated and shown separately in Table 36 through 40. Variation of the
nazural frequencies with respect to rotor speed is represented in Figures
10 and 11 for three selected configurations only (Configurations 1(a), 2
and 6 (c)). Refer to Table 5 for the definition of each configuration.
Strain mode shapes for each mode in these three configurations are
represented in Figures 12 through 17.

The followving observations are made with reference to the figures and
tables discussed above:

Some results from the experiments, vhile confirming rrtein features
that vere expected, also help establish the validity of data. For example,
the frequencies of flap modes increase significantly with rotor speed,
vhereas the frequencies of torsio~ and edgevise modes are less sensitive to
speed. Similarly, flexure stiffness influenced the torsion mode frequency
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more significantly than the bending mode frequency.

Modal strains have been normalized vith respect to an "appropriate"
reference gage selected at the start of the program for the purpose of
correlating the three multiplexed sets of data. Hovever, the complexity of

. strain distribution in the higher order and/or highly coupled modes causes
other gage locations to have higher output at times. Therefore, the
tabulated data and the graphical presentations occasionally shov normalized

. strains larger than 1.0. This can be seen in Figure 17 vhere large
edgevise strains influence the coupled "first torsion™ mode.

Large edgevise strains are evides.~i.. the first torsion mode at high
rotor speeds. These strains are tvo to three times the magnitude of the
reference strain (gage #9). These strains appear to be larger for the
stiff flexure configurations. During the tests, difficulty wvas experienced
in exciting distinct modes around 800 RPM. This is vhere the predominantly
first torsion and the predominantly second flap modes coalesce.

Examination of Table 10 indicates that the modes at 48.5 and 49.4 Hz shown
in Figure 10 are essentially the same i.e., a highly ccupled second flup
mode with a large first torsion component. Apparently, the first torsion
mode was not sufficiently excited and consequently, vas not recorded.

The measured second flap and first torsion modes are not pure modes
and this feature is evident even at speeds removed from that at vhich the
frequencies coalesce. For example, at 600 RPM the nominal second flap mode
contains 27% torsion and the nominal first torsion mode contains 114X

. bending strain content. These reach 118X end 70% respectively at 800 RPM
and continue to maintain this highly ccupled nature at 1000 RPYM.

Structural damping measured in all the medes vas found to be low (less
than 1X critical).

CONCLUSIONS

Basic vibratory characteristics have been measured for the two bladed
helicopter rotor blade system under carefully controlled laboratory
conditions. The vibratory strain and frequency data taken over & rrnge of
speeds up to 1000 RPM for several combinations of precone, droop and
flexure stiffness can be used to calibrate structural dynamic snelyses
codes. Strong coupling exists between modes (especially betveen torsion
and flap modes and edgewvise and flap modes) and the influence of this
coupling in terms of forced vibration, as vell as seroelastic stability,
could be significant.

Vibratory strain distributions at speed are quite different from those
at rest indicating the need to calculate mode shapes at speed accurately so
that reliable calculations may be made to determine the susceptibility of
the rotor to aeroelastic instabilities. It should be noted that strains,

. net displacements, wvere measured in this program and therefore, it would be
necessary to calculate displacements from the strain surface and/or measure
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the displacement field directly. As the blade displacements constitute an h
important input into any aeroelastic stability calculations, it would be
desirable to have a data base of displacemerts for the purpose of dire:t
calibrations of strictural dynamic analyses.

It vas found that the frequencies of the twvo blades were slightly
different from each other. Therefore, one blade could be excited at its
resonant frequency while the other is slightly off resonance. This tends
to make excitation of rotor modes difficult. Studies need to be undertaken
in regard to determine whether the aeroelastic stability of a rotor could
- be improved by deliberat:ly mistuning the blacdes.

The quality of data taken in this program is somevhat influenced by
the presence of an extraneous one-per-rev excitation that could not be
eliminated since it vouid have required complete disassembly of the rig.

It was shown that all modes of interest of the rotor could be excited
through the piezoelectric crystal excitation system and therefore the
system represents 8 reliable and accurate method of inducing vibrations of
similer components in an experimental program.

Tension axis tests at speed have confirmed that the modulus-weighted
centroid for the nonhomogenecus airfoil is slightly off the mass centroid
and vualidate the static method of determining the tensior axis location
described in Reference 2.
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APPENDIX A
DATA REDUCTION PROCEDURES

The reduction procedures for the vibratory strain response data from
the model rotor tests in the vacuum spin rig test facility are presented in
this appendix. The strain response data were recorded in digital form on
four separate magnetic tapes by the ATLAS data acquisition system. Tihase
data contain twelve different rotor configurations derived from tvo
differunt pitch flexures and various pitch. droop, and precone angles. For
each configuration, the rotor speed-was varied between 0 and 1000 RPM. and
at each rotor speed, the tw plades {dwsigwsied as dlade number 8 and 5),
vere excited at each of their first five natural frequencies by
piezoelectric crystals. Detailed parameters for the configuration, the
rotor speeds, the fundamental modes, the record numbers, and the tape
numbers are summarized in Table 5.

The strain responses at various points on the blade surf.ces vere
recorded by twent, ane (21) strain gages. These strain gages are grouped
into three different sets as shown in Table 3. The bridge configurations
and conversion factors for ca.h strain gage output from voltage to
micro-strain are also presented on the same table. It was found that a
total of approximately 4,N07 strain response signals needed to be
processed.

The data for each multiplexed set (or ‘mux’) vere taken at three
diiferent instances in time and common reference channels vere established
in order to correlate these data. The smplitude and phase angle from one
of the thrce common channels (or common gages) vere used as normalizing
factors in the presentation of mode shape results.

In the scctions which follow, the four steps involved in this strain
data reduction are presented. They are: (1) modification of existing UTRC
modal analysis computer programs (2) preparation of the run-point
specification input files (3) evaluation of the frequency and damping
results for all cases, and (4) compilation of the mode shape results for
all cases.
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Modification of Modal Analysis Computer Programs

The existing UTRC modal analysis computer programs vere updated for
extracting the modal parameters from the strain gage responses described
above. Figure 18 depicts the program logic established for this analysis. .

The strain response data were sequentially recorded on magnetic tape.
In order to retrieve and process a specific record from these tapes, the
computer first reads & set of the .run-point specifications from a input
data file. Detailed disceszions ¢f this input data file are given in the

next Section. In this input data file, if the run number (which is also r
called record number in this report) is zero, the program goes back to read &
ancther set of the run-point specifications. If the run number is less E -

than zero, the program stops. This setup provides a high degree of i
flexibility in executing the program using the same input data file. If 5
the run number is greater than zero, the computer searches for the same run
number from the magnetic tape. 1f the run number on the tape matches that

o e

given in the input data file, then the two modal analysis programs are §

called in to perform the modal parameter estimates. The algorithms of ‘

these two modal analysis programs are described in Figures 19 and 20, 23
. respectively. =

Due to a large number of time histories involved in this study, tvo
different techniques vere used for different purposes. The first one,
vhich i3 based on the complex, exponential, modal curve fitting algorithm
(Figure 19) is used for processing the data of the reference channel only. .
The second technique uses the PFT frequency spectrum interpolaticn formula
(Figure 20) and is gpplied to all channels except the reference charnel.

oy ’m‘ﬂm

Mi y
WITAY

In Figure 19, tha x(tj) represents the time histories to be
analyzed, and curve-fitted by an enalytical formula represented by Y
(tj). The dzta point index j varies from 1 to N (number cof points). Y
(t3) is essentially a summation of several damped harmonic wave forms
coAtaining four paremeters fcr each mode. These paremeters are the danmping
value (én,) the frequency (27 fy, ), the sine and cosine coefficients (Ap, Bp),

&

.
TR TR

iy N

3 M by i
b Pt

vhere m i1s the mode index varying from 1 to NM (number of modes). The ¢ 3
analytical values for Y (t.,) are obtainsd through a least squares curve €3
fit betveen Y (tj) and X ({j) for all data points. rﬁ

Vhen the PFT program is executed, an amplitude plot will be obtained
as shown in Figure 20, and a phase angle plot (not shovn). The frequency
resolution of the PFT spectrum will depend on the sampling rate (fg) and
the number of data points used in the FFT enalysis. The true frequency
(£f), true amplitude (A), and true phase(d) may be located between any two
frequenc. bins fyand fu41.The formulas used to compute these true modal
paramets s for the boxcar vindow are presented in the same figure.

Ry
E3

L P I

The time domain modal curve fitting (HCF) has proven to be a very
reliable and efficient way of extracting the modal frequency, damping
value, amplitude and phase angle from & transient response signature. -
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Although the UTRC modal curve fitting program can fit up to four modes from
any time histories, a bandpass filter vas also used in conjunction with
this MCF program to isolate only the principal mode of interest.

vy

Because the damping value should be the same for all gages in *the same
mode, the MC™ program is used only in processing the data of a refercance .
channel. Por the mode shape information, the FFT spectrum interpo.ation .
formulas shown in Figure 20 vere used. These formulas have been used in 3
many studies and have proved to be very efficient and reliable. By
properly combining the MCF and FFT spectrum interpolation algorithms, it
vas estimated that a net saving of approximately 80 percent of computer CPU 2
time vas achieved. =

AL e i
.

Input Cata Files of Run-point Specifications -

In order to run th2z modal analysis computer program, an input data
file for each configuration under consideration must be prepared. Figure
21 shovs an example case of this input data file. In the input data file,
the run number, the mux number, the plot option, the excitation frequency,
the bandpass filter cutoff frequencies, the reference chaniel, the data
length to be use? for modal curve fitting, the time windov function (for
this study the boxcar windov is used), and the chann2ls to be processed are
specified.

Execution of this cu.puter program can be either in active mode
(primarily for cbtaining the time series and FFT piots) or batch mode by
simply assigning a value of O to 1 or the IOPY paraweter. ICPT = 2 is
assigned if cnly the reference channel is ¢f interest,

ST T — Ty
“a }
Ll S B N

In assignirg the bandpass filter cuteoff frequencies, ve have 3
considered the excitation frequency, the data length, and the sampling rate By

(82,4
B

used in obtaining the digital responce data. These relationships are given
in Table 41, The bandpass filter is used not only to isvlate the principal
mcde for obtaining a filtered time series from the refersnce chanrel for
modal curve fitting, but also is used for specifying the frequercy range
for FFT spectrum interpolations in the remaining channels.

"y '’

Ty
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It vas found that scme gages often have very high neise-to-signal g@
ratios. Sometimes, there exists a very high peak near tha principal mode 1
in the FFT spectrum. In these casas, the bandpass filter essignment is not 3
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N
&
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enough for rejecting the noise. It wcould require some sdditional
specifications, such as the actual excitaticn frequency, or the nusber of
the mode to be considered in the modal curve fitting program. These are
provided through the input parameters of "HURZ" and "K".
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If a data array contains zero values throughout the entire time
history, the program will print out a message and skip that channel. If
the FFT spectrum contains no apparent peaks inside the bandpass filter, the
program will print a different message and also bypass that channel. In
either case, the amplitude and phase in the mode shape table are replaced
by zero values. If the amplitude and phase for the reference channel are
zero (either no signature or no apparent mode within the bandpass filter),
the program will search for a maximum amplitude in the mode shape table and
perform modal curve fitting on that channel to obtain the damping value
estimate,

Evaluation of Frequency and Damping Results

The UTRC modal analysis computer programs can provide graphic outputs
tFigures 22 to 24) as vell as tabulated results (Figures 25 to 27). In the
early stage of this data reduction, efforts were concentrated on checking
the calibration constants used in the data acquisition system, and those
recorded on the tape for the baseline case (Case 2 of Table 5). The plot
option vas turned on to obtain ail plots for the time series, FFT spectrum,
the input signals and results trom the curve fitting program.

The frequency and damping estimates for the baseline case vere
carefully evaluated through cross examinations of the signature and the FFT
plots (Fig. 22), and the inputs and results of the curve fitting (Fig. 23),
and the ATLAS tape dump( Fig. 25). Some minor errors vere discovered in
the ATLAS drta acquisition system softwvare, but they were corrected through
the data processing programs later.

Figure 22 shovs a typical strain response time history and its FFT
spectrum from channel 1 of record 583. The test condition, the date, the
rotor configuration, and the sampling rate used in obtaining the digital
data arc clearly indicated. This represents one of the better signals
available for analysis. It wvas found that the small peak appearing at 20 Hz
on FFT plot had caused some disturbances in the time series plot. Hovever,
vhen the bandpass filter is applied, the filtered time history, shown in
the upper frame of Figure 23 became much smoother. The lover frame of the
same figure shows the curve fitted results, vhich agree very well with the
inputs. Figure 24 shows the strain response from channel 5 of the same
record. It can be seen that this signature contains a substantial amount
of noise. The modal analysis algorithms described above were able to
extract the modal information wiathout any difficulty.

In addition to the above output, the program also provides three more
outputs as shown in Figures 26 .o 28. Pigure 26 gives detailed lists of
the modal curve fit and the FFT spectrum interpolation results. In the
modal curve fitting, the frequency, dauping, amplitude, and phase angle
vere estimated simultaneously. In the FFT spectrum interpolation, only the
frequency, amplitude and phase angle were estimated. At the end, a summary
of the modal analysis for that particular record (run) is printed.
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Compilation of Mode Shape Results

As mentioned earlier, a total of 21 gages vere used for obtaining the
strain responses for the two blades. These gages vere grouped into three
separated sets. Figure 27 shows hov the results are correlated far
obtaining the mode shape information. Because only the chanrel number can
be specified in the input cata file instead of the gage number, special
care vas made to scparate those gages from blade S/N 8 and blade S/N 5 in
the third set. After that, the amplitude and phase angle of the reference
gage in each nux were used as references for obtaining the normalized mode
shapes. The frequency and damping vaiues listed in Figure 27 are the
averaged values obtained from the thiee separate records for a reference
gage on blade S/N 8. For blade S/N 5, the damping value vaz not calculated
and only the freguency value is tabulated.

An output data tape vas also prepared, vhich coatains the processed
results as shovn in Figure 28. The tape is vritten in ASCII format and has
a block size of 80 bytes.

The data are organized in accordance with the run number. For each
run record, there are two groups of data. Grcup-1 occupies only one data
block and contains the data for the record number, the mux number, the
number of channels to be included in Group-2, the frequency (Hz), the phase
angle (degree), the ncrmalizing amplitude (micro-strain), and the reference
phase (degree) in that order. These data are written in a FORTRAN format
of (3(1X,14), 4(1X, El4.8)).

Group-2 will occupy several data btlocks depend.ng on the signal
condition for each channel in the same record. The parameters p .sented in
this group are the channel number {not the gage nuabzr), the normalized
amplitude, and the corrected phase angle with respect to that of the
reference channel. These are written in a FORTMAN format of (2X, I4, 2(2X,
El4.8)).
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TABLE 1 ROTOR SPANWISE DISTRIBUTION OF MASS PROPERTIES AND STIFFNESS

Blade EI EI GK 1
Station Veight 1lb-in 1b-in 1b-in 1b-in we/in
] (in) 1b/in 108 106 108 106
.701 .292 20.0 20.0 19.6
725 292 .161 199 000327
.813 .292 .161 .199 .000327
.813 0115 .161 199 .000327
1.415 0115 .161 199 .000327
1.415 .303 .161 199 .000327
1.539 .303 .161 .199 .000327  .543
1.539 .560 .161 199 .000327  .543
1.626 .560 .161 199 000327  .543
1.651 .560 21.9 21,9 19.6 543
1.665 .560 21.9 21.9 19.6 .543
) 1.665 73 21.9 21.9 19.6 543
1.726 713 21.9 21.9 19.6 .543
" 1.726 .558 27.2 27.2 19.8 494
;54 2.101 .558 27.2 27.2 19.8 494
%&S 2.101 .295 18.2 18.2 7.28 .165
,§gi 2.301 .295 18.2 18,2 7.28 .165
i%% 2.301 .149 .300 30.3 1.80 .213
_§§ 2.401 .149 .300 30.3 1.80 213
o 2.401 .136 .242 21.8 1.66 213
f%% 3.601 136 242 21.8 1.66 .213
3.601 ° ,0193 .00589 .120 .00177 .0179

37.851 .0193 .00589 .120 00177 0179

LY



TABLE 2 CALCULATED BLADE NATURAL FREQUENCIES (Uncoupled Modes)

Frequency Hz.

#
i
5
=

Speed  Mode:
Flex RPM lst Flap 2nd Flap 3rd Flap 1lst Edge 1lst Tor.
Stiff 150 5.92 32.61 89.38 22.44 38.93
Soft 150 5.90 32.51 88.99 21.76 32.03
Stiff 400 9.23 36.62 93.62 22.69 40.77
Soft 400 9.21 36.51 93.22 21.99~ 33.90
Stiff 600 12.50 41.77 99.44 23.05 43.33
Soft 600 12.48 41.66 99.03 22.33 35.97
Stiff 800 15.92 48.04 106.9% 23.54 46.09
Seft 80( 15.90 47.91 106.35 22.78 38.22
Stiff 900 17.66 51.46 111.29 23.33 47.51
Soft 900 17.63 51.32 110.8¢ 23.04 39.39
Stiff 1000 19..0 55.01 115.89 24.15 48.98
Soft 1000 19.36 54.87 115,42 23.33 40.57
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TABLE 3  STRAIN GAGE CHANNEL ALLOCATION AND CONVERSION FACTORS

. Bux Channel Gage Blade Bridge Factor
No. No. No. __No. Configuration for pe
1 1 "1 € 172 =321
1 2 2 8 172 -321
1 3 3 8 172 =321
1 4 4 8 1/2 =321
1 L) 5 8 174 +642
1 6 6 8 174 +642
1 ? 7 8 1/4 +642
1 8 8 8 1/4 -642
1 9 ) 8 174 +642
1 10 10 8 1/4 +642
2 1 1 8 1/2 -321
2 2 11 8 174 +642
2 3 13 8 1/4 +642
2 4 14 8 174 +642
2 L) 5 8 174 +642
2 6 15 8 174 +642
2 ? 16 8 174 +642
2 8 - 8 1/4 642

. 2 9 9 8 174 +6462
2 10 12 8 1/4 +642
3 1 1 8 1/2 =321
3 2 - - 174 +662
3 3 5 5 1/4 +642
3 4 8 5 1/4 +642
3 3 5 8 174 +642
3 6 9 5 174 +642
3 ? 10 5 174 +642
3 8 - - 174 +642
3 9 9 8 1/4 +642
3 10 1 5 1/2 +321

Parameters assum2d constant for each module or gage:
gage factor = 2.1, excitation voltage = 6.9, module gain = 430
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TABLE 4 FM TAPE RECORDER SET-UP

Input OQutput Band
Volts Volts Vidth Paramater Blade
Channel pk-pk pkest Hz Assignment Mode
1 4.0 1.424 5 BLS GAl ARES cil Flap
2 a.5 1.414 5 BL5 GA2 ARES CH2 Edgevise
3 2.0 1.414 5 BLS GA3 ARES €13 Torsien
4 3.5 1,414 5 BLS GA4 ARES éﬁé BEdge 0/B
5 8.0 1.414 5 BL8 GAl ATLAS CH1 Flap
6 7.0 1.414 5
7 4.0 1.414 5
8 7.0 1,414 5 .
9 5.0 1,414 5 One per Rev.
10 5.0 1.414 5 Trensient Pulse )
11 1.414 1.414 5 Cal Signal 1 kHz
12 1.414 5
13 1.414 5 .
14 Voice 1.414 5 Voice
s S A R
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TABLE 5 TEST CONFIGURATIONS AND MODES ANALYZED

ITR Configuration Rotor Modes Record Tape
Case Flex Pitch Precone Droop RPM Analyzed No. No.
1(a) Stiff 0 0 0 0 1F,2F,3F,18,1T 7-112 2
400 1F,3F,1E,1T 202-216 2
600 1F,2F,3F,1B,1T 218-233 2
800 235-251 2
10600 254-272 2
1(b) Stiff 12 0 0 1000 301-316 3
680 1F,2F,3F,18,1T 317-334 3
S(a) Stiff 0 0 -5 0 401-418 3
1000 419-439 3
5(b) Stiff 12 0 -5 1000 440-459 3
0 1F,2F,3F,1E,1T 464-578 3
6(a) Soft 0 0 -5 0 1F,2P,3F,1E,1T 479-496 3
410 1F,1E 521-526 3
710 1F,2F,1E 512-520 3
1012 1F,2F,3F,1E,1T 497-511 3
6¢(b) Soft 12 0 -5 0 2F,3F,1E,17 527-541 4
1000 1F,2F,3F,1E,1T 542-559 4
6(c) Soft -12 0 -5 0 558-372 4
1000 573-587 4
2 Soft 0 0 0] 0 1F,2P,3F,1E,17 538-€07 4
775 1F,2F,1E,17 626-637 4
1000 1F,2F,3F,1E,1T 603-625 4
4(a) Soft 0 5 0 0 1P,2F,3F,1E,1% 628-652 5
1000 653-683 L)
4(b) Soft 12 S 0 0 670-68% 5
920 5
-1000 6€87-703
3(a) Stiff 0 5 0 0 704-720 5
1000 721-735 5
3(b) Stiff 12 S 0 0 751-768 g

1000 2F,3F,1E,1T

......
---------
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TABLE 6 POST TEST STRAIN GAGE STATIC CALIBRATION

STRAIN GAGE SENSITIVITY

Gage/Loading Flap ue/lb Lead/Lag uc/ft.1b Torsion pe/ft.1b *

Tip Up . 1/F Porvard L/E Up L/E Dowvn
1 1304 -8 -87 20
2 1023 -4 -105 2
3 698 1 - 66 - 1 -
4 381 1 -101 - 151 -
5 201 201 -109 - 140
6 89 160 - 48 - 127
7 92 140 35 22 i
8 -1124 43 319 205 )
9 - 480 35 1498 1725
10 135 - 15 9 13
1 - 7%2 22 131 105
12 - 329 118 1795 1616
13 132 -9 22 92
14 - 219 6 LY) 61
15 - &8 -7 1169 1655
16 41 -2 44 &4
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TABLE 7 MODAL PARAMETERS FOR CONFIGURATION 1(a) AT O RPM
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TABLE 8 MODAL PARAMETER® FOR CONFIGURATION 1(a) AT 400 RPM
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TABLE 9 MODAL PARAMETERS FOR CONFIGURATION 1(a) AT 600 RPM
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TABLE 10 MODAL PARAMETERS POR CONFIGURATION 1(a) AT 800 RPM
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TABLE 11 MODAL PARAMETERS FOR CONFIGURATION 1(a) AT 1000 RPM F 4
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TABLE 12

MODAL PARAMETERS FOR CONFIGURATION 1(b) AT 680 RPM
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TABLE 13 MODAI. PARAMETERS FOR CONFIGUR\TION 1(b) AT 1000 RPM
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TABLE 20 MODAL PARANYYERS FOR CONFIGURATION 3(b) AT 1000 RPM
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TABLE 23 MODAL PARAMETERS FOR CONFIGURATION 4(b) AT O RPM
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TABLE 27 MODAL PARAMETERS FOR CONFIGURATION 5(b) AT O RPM
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TABLE 36

EFFECT OF ROTOR CONFIGURATION AND SPEED OW

FREQUENCY OF FIRST BENDING MODE OF BLADE S/N 8

- = not available

Configuration Frequency, Hz
Flex Pitch  Precone Droop ( s=peed, rpn)
Stiff 0 0 o 5.21 9.53 12.75 16.30 19.32
(0) (400) (600) (800) (1000)
12 (4] (] - - 13.52 - 18.98
(650) (1000)
0 0 -5 5.21 - - - 19.37
(0) (1000)
12 o -5 5.19 - - - 18.73
(0) (1000)
o 5 o 5 L] 19 - - - 20 . 32
0) (1000)
12 5 0 5.17 - - - 18.71
(0) (1000)
Soft 0 0 0 5.19 - - 15.46 19.37
(0) (775) (1000)
0 0 -5 5.18 9.38 - 14.19 19.48
(0) (410) (710) (1012)
12 0 -3 5.17 - - - 18.50
0) (1000)
-12 0 -3 5.18 - - - 18.70
0 (1000)
0 5 0 5.19 - - - 19.33
~ €0) (1000)
12 S 0 5.18 - - - 18.42
0) (1009)
N D R D P A %, SR PR A
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TABLE 37 EFPFECT OF ROTOR CON?IGURATION AND SPEED ON

FREQUENCY OF SECOND BENDING MODE OF BLADE S/N 8

- = not availadble

Configuration Prequency, Bz

Flex Pitch Precone Droop ( speed, rpa)
Stiff 0 0 0 32.17 - 41.15  49.37 55.94
(0) (600) (800) (1000)
12 0 0 - - 44.76 - 54.34
(680) (1000)
0 0 -5 32.36 - - - 55.30
(0) (1010)
12 0 -3 32.32 - - - $5.15
0) (1000)
0 5 0 32 . 28 - - .- 55 . 12
(0) (1000)
12 ] 0 32.22 - - - 56.62
(0) (1600)
Soft 0 0 0 32.20 - - 47.06 54.72
(0) (772)  (1000)
o 0 -5 32.05 - - 45.17 .5.58
(0) (710) (1012)
12 0 -5 - - - - 55.24
(1000)
-12 0 -5 32.19 - - - 55.17
0) (1000)
0 5 0 32 . 17 - - - 5‘ . 83
) (1000)
12 5 0 32.16 - - - 52.64
0 (1000)
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TABLE 38 EFFECT OF ROTOR CONPIGURATION AND SPEED ON
FREQUERCY OF THIRD BENDING MODE OF BLADE S/N 8

- = not availadble

g Configuraviun Frequency, Hz
Plex Pitch Preccne Droop { speed, rpm)

Stiff 0 0 0 91.80 95.88 102.05 109.29 117.37
(0) (400) (€00) (800) (1000)
12 0 0 - - 103.51 - 117.10
(680) (1000)
o o -5 91.31 - - - 114,34

(0) (950)
12 0 -5 91.23 - - - 117.03
(0) (1000)
0 5 0 90.58 - - - 116.72
(0) (1000)
12 5 0 80.62 - - - 117.04
(0) (1000)
Soft 0 'y 0 90.50 - - - 115.83
(0) (1000)
0 0 -5 90.22 - - - 116.85
(0) {1€12)
12 0 -5 $0.32 - - - 116.39
0) (1000)
-12 0 -5 90.31 - - - 116.17

(0) (100"
4] 5 0 $0.69 - - - 116.91

(0) (1009)
12 5 0 90.32 - - - 110.74
(0) (1000)
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TABLE 19 EFFECT OF ROTMR CONFIGURATION AND SPZED ON
FREQUENCY OF PIRST EDGSVISE MODE CF BLADE S/N 8

- = not available

Cornfiguration Prequency, Bx
Flex Pitch Precene Droop { epeoed, rpa)

Stiff 0 0 0 24.02 24,31 24.51 24.72 25.09
) (400) (650) (800) (*000)

12 0 0 - - 24.53 - 25.31

(630) (1000)

0 0 -5 23.91 - - - 24.46

(0) €950)

12 0 -5 23.68 - - - 24.83
(0) (1000)

0 5 0 23.78 - - - 24.50
(G) €1000)

12 5 0 23.63 - - - 264.79
{C) (1000)

Soft 0 ] 0 22.03 - - - 22.51
(0) (1000}

0 0 -5 19,96 21.16 21.92 - 22.25
(v) (410) (710) (1012)

12 0 -5 19.98 - - - 22.74
(0) (1030)
=12 0 -5 20.04 - - - 22.74
(0) (1000)
0 5 0 21.91 - - - 21.35
(0) (1600)
12 5 0 21.83 - - - 21.99
(0) (1000)
R R R N A R RS P L AT RN SRON.
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TABLE 40 EFPECT OF ROTOR CONFIGURATION AND SPEED ON
FREQUENCY OF : {RS” TORSION MODE OF BLADE S/N 8

- = not available

Configuration Frequenzy, Hz
Flex Pitch Precone Droop ( speed, rpm)

Stiff 0 0 0 43.61 45.00 44.51 48.50 47.93
(0) (400) (650) (800) (1000)

12 0 0 - - 46.14 - 47.57

(680) . (1000)

0 0 -5 44.24 - - - 52.87

(0) (950)

12 0 -5 44.19 - - - 49.49
(0) (1000)

n 5 0 44,14 - - - 48.64
(0) (1000)

12 5 0 43,95 - - - 50.27

(0) (1000)

Soft 0 0 0 37.96 - - 41.26 44.10
(0) (775) (1000)

0 0 -5 37.75 - - - 40.63

(0) (1012)

12 0 -5 37.81 - - - 40.17

(0) (1000)

-12 0 -5 37.94 - - - 40.47

0) (1000)

0 5 0 39.01 - - - 38.60

(0) (1000)

12 5 0 37.89 - - - 38.10

0 (1000)

m

3
L

0y

o b o



TABLE 41 SAMPLING RATE AND BANDPASS FILTER ASSIGNAENTS

Excitation Sampling Frequency Bandpass
¥ requency Rate Resolution Filter
H2 samples/sec Hz Hz
0 -1C 100 0.1 fe 2 2
10 - 20 200 0.2 fe 3+ 3
20 - 30 400 0.4 fe ¢ 4
30 - 50 1000 1.0 fe ¢+ 5
50 - 150 2000 2.0 fe 2+ 8
150 - 300 4000 4.0 fe 2 10

Note: e = excitaticn frequency in Bz
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2 PRECONE =DROOP=0
CASE 1: STIFF }
CASE 2 SOFT

g
CASE 3: STIFF }c > Bg, PRECONE=5*
CASE 4: SOFT _@Z A8.(NEG) DROOP =0
ng
<t 85 PRECONE =0
CASE & STIFF } = i A5{NEG) DROOP = - 5°
CASE 6. SOFT

FLEXURE (STIFF OR SOFT It TGRSION)

.
-
Y

v
-
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b
o Figure 2 Rotor Configuratior Casss Selscied for Tests
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Figure

instrumented Model Rotor in the UTRC
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FREQUENCY, Hz

. ROTOR SPEED, RPM

Figure 11 Etfect of Rotor Speed on Mods! Frequencies for Roter Configuration 6 (c)
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