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A full scole wind tunnel test of the searingless Hain Rotor was

conducted ir the BASA-Ames 40~by 80-foot wind tuunel. The pre~
paratici anl test activities were performed undser the super-
vigirm of the Large Scale Acrcdynanics Braﬁch at NASA-kmes and
with the co-operation of the 40-by-80 test crew. The tost was
primarily a stability test program, & consideration which
guided the formulation of the test plan. The effects of air-
gspeed, collective pitch, rotor speed and shaft angle on stabile
ity and loads were determined at speeds beyond that attained in
the BMR/BO-105 flight test program. ILoads and perfoimmence data

were gatherad at forward speeds up to 165 knots. The effect of

~ cyelic pitch perturbations on rotor response was investigated

at simulated level flight conditions. Two cenfiguration varia-
tions were tested for their effect on stability. One variable
was the control system stiffness. An axially softer pitch link
was installed in place of the standard BO-105 pitch link. The
second variation was the addition of elastomeric damper strips

to increase the structural damping.

The Bearingless Main Rotor system as installed on the BO~-105
helicopter was used in this wind tunnel test. Minor modifica-~
tions included the extension of the pitch link barrel length
to adapt to the Rotor Test Apparatus (RTA) swashplate location,
and the fabrication of some new adapter equipment to maﬁe with

the RTA. Follewing hub tares and track and balance runs, the




repainder of the test was primarily devoted o obtaining sta-
bility, loads and pexrformance data for a wide range of test
conditions. The basic testing sequence was to set the desired
rotor. speed, collective, shafi angle and tunnel) speed, maine
taining gzero one/rev flapping using lateral and loagitudinal
cyclic pitch., Leads and performonce steady-state data were
taken. The rotor was then excited ueing he Dynmmic Control
system (DCS), the ewmcitation stopped, and the decay of a chord
bending gage signal analyzed to compute the fixed system
damping. Additicnal testing included loads and performance
teasting at simulated level fliaht conditions, and perturbations
on lateral and longitudinal cyclic inputs to determine the

fized system response to a transient.

The BMR was stable at 2ll conditicns tested. At fizad cellec-
tive pitch, shaft angle and rotor speed, damping generally
increased betweern hover and 60 knots, remained relatively
constant from 60 to ¢0 knots, then decreased above 90 knots.
Analytical predictions are in good agreement with test data up
to 90 knots, but the trend of decreasing damping above 90 knots
is contrary to the theory. For both hover and forward flight,
fized system demping increases with increasing collective pitch
at fixed ro*or speed and shaft angie. Damping decrzases with
increasing rotor speed at ccnstant collective and shaft angle.
The effects of shaft angle are small. The analysis predicts
the trends with' collective and rotor speed very well. The cor-

relation is good in hover and at low collectives in forward

10




flight. At collectives of 6° and above, the analysis begins to

overpredict the dawping level.

The DBMR/RTA test results cowpare favorebly with BMR whirl tower
and BMR/BO=-105 ground rescnance and air resonance testing. The
one exsception is the ground resonance test results where a
coupled rotor/body mode is present. The effects of the BO-105
fuselage couapling with the rotor cammot be dupiicated on the

RTA.

The effect of adding structural damping by bonding elastomerxic
damper strips to the flexbeams was to increase fixed system
damping by abcut 2-3% critical in hover for all roter speeds
and collectives tested. Similar results were found at 90
knots. The correlation of the measured and predicted effects

of the elastomeric demper strips is good.

The soft pitch linkz produced lower damping levels in hover
below 425 rpm, and no change at 425 rpm. There was little or

no effect in forward flight. -

There was no effect on stability seen when the eight tunnel
balance dampers were removed. The effects on stability cof
excitation amplitude and trim vwvalues of cyclic pitch were
explored, with no effects indicated. The da*ta base is small

however, so moxe testing is recommended.

11



The testing was restricted to some extent by loads. For sta-
bility testing, peak tergue tube chord bending restricted the
minimum collective which could be achieved, since steady torque
tube chord bending increased directly with decreasing collec~
‘tive. Outhoard blade and flexkbeam steady flap bending was
increasingly flap down with airspeed and restricted the air-
speed range, as did blade root torsion. During cyclic excita-
tions for stability testing, vibratory chord bending was cri‘tl'.~

ical.

Vibratory flap bending generally increa§es with airspeed, while
chord bending is greatest between 40 and 80 knots. Steady flap
bending is increasingly flap down, while steady chord bending
is wvirtually independent of airspeed. Vibratory and steady
flap bending, vibratory éhord, and vibratcry and steady torsion
increase with collective at constant rotor spzed and shaft

angle. No single trend for the effect of collective on steady
chord could b. defined. Vibratory loads generally increased
with more positive shaft angles, at least to some extent, while

steady loads were essentially independent of shaft angle.
The steady chord bending moments in the flexbeams were not dis-

tributed evenly between leading and trailing beams, while vib-

ratory chord bending was divided evenly.

12
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Flight test lcads and loads measured in the BMR/RTA test are in

good agreement, with differences attributable to variations in
trim between the wind tunnel and flight test. The correlation
of analysis with measured loads is Jood for flap bending and

fair to poor for chord bending.

Analysis of (lpe BMR performance data acquired during this test
shows good agreement with theoretical predictions. Since the
primary objective of the test was to detesmine rotor stability
the testing was done at the lowest damping levels; hence lowest
collective pitch angles, possible. The shaft angles selected
for tesﬁing were chosen without regard to matching a specific
Fq for every test point. For this reason, most of the tegt
data was at simultanecus lift and propulsive force levels not

representativ~ of BO-105/BMR flight.

An estimate of the BMR hub drag was made based on tast data and
compared to pre-test predictions. At 120 knots (u = .28) and a
trimmed shaft angle of -2.3° the measured drag level of 4.75

ft? compares favorably with the pre-test estimate of 4.41 e,

The hover data obtained during the test showed that the
measured power was 4.3% higher than the theoretical esiimates
at 5000 pounds of thrust, which corresponds to the take~off

gross weight of the BO=-10%5/BMRK.

13
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The forward flight data showed generally good agreement with

the thacretical predictions in the speed range tested.

The rotor responded to both lateral and lengitudinal cyclic
control .‘-.nptts within two rotor revolutiocns after the input was
initiatel., The response was precise and of the first order,
with li‘tle or no overshoot, The cross axis response showed no
long term coupling. Responses to positive and negative cyclic
inputs for lateral or longitudinal perturbations shovwed symme-

try about trim.

14
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2.0  IKTRODUCTION

2.1 HISTORY OF THE BHR

The Bearingless Main Rotor (PMR) is the product of a contract
effort undertaken by the Poeing Vertol Cowpany, which was fund-
ed by the applied Technology Laboratory at Fz. Eustis,
Virginia, to design, fahricate and tasd a prototype bearingless
rotor system. Awarded in June, 1976, the BER development pro-
ceeded from an extensive analytical design phase through a
series of fatigue tests, small-scale wind tunnel and whizl
tower tests, culminating in a flight test procram which began

on October 26, 1978.

'
3

Boeing Vertol's involvement in the developmzat of the Bearing-
less Main Rotor predates the EREustis contract. Aas early us
1964, Boeing teamed with MBB in the development of the hinge-
iess, soft-inplane BO~105 rotor. In the 1970's Boeing Vertol
gaine® significant experience in the analysis and teﬁting cf
hingeless rotors with the TUH-61A (UTTAS3) program. Analytical
programs such as (-45 were written to predict aeroelastic sta~
bility, C-60 to predict loads and Y-71 to predict frequencies
and mode shapes. The bearingless tail rotor was a key elemant
in the development of the YUH-61% helicopter. This rotor
system utilized fiberglass compesite flexstraps for blade
retention and collective pitch input, The testing of this
stiff in-plane rotor provided a wealth of data towards the
understanding of several tyvpes of aero&lastic stability phenom-

eéna. In addition, the sensitivity of stability to cliord frew-

15




guency, flap frequency, torsion frequency, blade~to-sgtrap pre~
pitch, tip weights, chordwise center of gravity, sweep, and
airfoil section was examined. Several alternative designs were
tested, which added to the understanding of design requirements

for bearingless roters.

In 1974 Boeing Vertol submitted & proposal to the Applizd Teche-

nology Laboratories at Ft. Eustis (at that time USAAMRDL) for
an Improved Rotor HBub Concept (Reference 1}. 1In that document
the applicaticn of a lag-torxsion-flap flexure.to a hingeless
rotor was discussed. Following that proposal, an analytical
effort was initiatéd to apply bearingless rotor,teghnology to
the B0-105 helicopter. The results of the design study were
utilized in preparing a respons2 to an RFP issued by the ATL at
Ft. Bustis, Virginia in 1975 (Reference 2). f%his led to the

June 1976 contract award to Boeing.

The dJdevelopment of the BMR was divided into several phases.
The preliminary design phase (June - December 1976) involved
many iterations of the basic design concept to zchieve the best
tradeoff bhetween dynanic characteristics and aerocelastic sta-
bility, structural integrity, flying cualities, control system
requirements, and minimum modification to the BO-105 blade and

control systen.

18

3



Ay

.

<3
8, >

ey,

R

BEL AR S L Tt R e G oM e S A S N R

The detail design phase (December 1876 - HMay 1977) consisted of
both analysis and testing to refine the BMR design. Analytic-
ally, computer progrems were developed which predict the loads
and deflected shape of the highly contcured beams when subjec-
ted to chordwise and torsional loadings. These programs were
used to better define the geometry of the fiberglags beams re-
quired to satisfy the design criteria. Static strain surveys
and deflection tests were performed on beam specimens to verify
that the final design met the design requirements. In addi-
ticn, a wind tunnel test was conducted on a 1/5.86 Froude~
scaled air resonance model shown in Figure 2.1. The model,
free to pitch and roll about a two-axis g¢gimbal system, was
flovm through the entire envelope of the BO-lOS to verify the
BMR stability. Over 400 hours of testing wers accumulated on
the model, including nineteen different configuration vaxria-
tions to identify t¢he design with the optimumr stability charac-
teristics. Examples of parameters which were investigated
include beam-to=hud prepitch angle, blade~to-~bzam pitch angle,
beam=-to-hub coning, blade-to-beam coning and first chord fre-
quency. Data in hover were developed in terms of damping
versus rpm at 1.0g thrust, and damping versus thrust at normal
rotor speed. In forward flight the data were generateu as
damping versus airspeed at 1.0g thrust and normal rpm, and
damping versus rotor speed at fixed thrust and airspesd. Sim-
ulated climbs and descents were also performed. The results of
this testiné, descriked in Reference 3, defined the final con-

figuration for the detail design phase.




Following the detail design phase, full sczle test specimens

were fabricated to prove the manufacturing procass and to per--

form static and dypanmic bench testing. Static testing included
stiffness verification and deflectien tésts. Particularly not-
able was the investigation of the control system requirements
with simulated centrifugal force applied. Testing verified

that the BMR required no modifications to the BC-105 controls.

- Limit load testing to a 3.5¢ mancuver condition verified the

structural integrity of the BMR system. Non~-rotating frequency
and mode shape tests were performed to verify the ¥Y-71 and
NASTRAN analysis, since the modal properties are important

inputs to the dynamic stability analysis.

Fatigue testing was performed using the test set-up showﬁ in
Figure 2.2. The purpose of these tests was to establish endur=~
ance limits for whirl and flight testing and to verify that the
degign criterion of a fatigue life greater than 3600 hours was
achieved. A ccmbined flap—chérd~torsion loading with a simu-
lated centrifugal force lcad was applied to the beam assembly
to simulate a 2g load factor at 112 knots. Over 2.5 million
cycles were applied to the BMR system with nc failure. Similar
fatigue testing was performed on the isolated torgue tube
assembly, the blades and the hub. The results of the fatigue
tests (Reference 4) cleared the BﬁR for a minimum of 500 hours
of flight. Based on the loadings in the fatiguz test and the

flight loading spectrum, a very conservative minimum fatigue

18
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life of 1200 hours was established. It is felt that additional

testing would verify the 3600 hour fatigue life criterion.

In July 1978, the EMR was inztalled on the Boeing 2B Whirl
Towaxr (Figure 2.3). vThe 24 hours of testing included a
thorough load and strain survey, determination of medal fre~
quencies, an investigation of aercelastic stability character-
istices, and an endurance run. The load and strain survey con-
sisted of cyclic sweeps at fixed values of thrust, up to shaft
torque or sghaft bending limits, at 425 rpm and 468 rpm (110%
overspeed condition). Data recorded included blade agd beam
total strains, flap, chord, and torsion bending moments, pitch
link loads, torque tube bending, shaft torque, shaft bending,
and cyclic actuvator lcads. The results were compared to struce
tural limits estsblished during fatigue testing and to analyte
ical results. The modal freguencies were found by spectral
analysis of the gage output from the beams and blades. The
full frequency spectrum from 0 rpm to 475 rpm was determined
and the effect of collective pitch on medal frequencies was
evaluated. JAerocelastic stability was investigated by harmon=~
ically exciting the swashplate at the appropri~te freguency,
slopping the ezcitation, and measuring the decay of the blade
motion as indicated by the strain gages. Damping was measured
at five distinct rotor speeds for several values of collective
pitch. This information was also compared to predictions, with

favorable results. Finally, an endurance run was performed at

19
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468 rpm with loads and control gettings data recorded periodi-
cally. The whirl tower test resilts are documented in Refer-~

ence 5.

The E&K\'flight test program commenced with the first hovering

- £ligh* on Cctober 26, 19%78. Figure 2.4 shows the aircraft st

Bosing Vertol's Flight Test £faczility in Wilmingten, Delaware
during this flight. The more than 40 hours of testing included
ground and air resonance dawmping investigationz, vibration
testiﬁg, loads surveyz and flying qualities evaluatizns. Ref-
erencas 6, 7 and 8 describe fully the flight test program and
results. The aircraft was tested for ground resonance on hoth
concrete and turf for a range of collective positions at rotor
speeds from 75% to 102% normal rotor speed. The results indi-
cated a somewhat lower danping level than the baseline BO-105,
but with adequate stability margins throughout the range of
conditions 1asted. It was found that the damping levels could
easily be increased with longitudinal stiffening of the landing

gear.

Air rescnance damping was investigated at conditions which were
expected to be critical. This included level f£flight speeds
f;dm hovar to 106 knots at 3000 feet density altitude, and max-
imum power dives at speeds to 127 knots. Testing was also per-
forméd for climbs and desceants from 20 to 100 knots, fer aute-
rotaticn at 60, 90 and 1C0 knots for fotor speeds from 85% to

1087, normal rpm, and for pull-ups, push-overs and banked turas

20
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at 2.5¢'s. The BMR demonstrated an acceptable stability margin
at all flight conditions tested, with damping levels similar to

the BO-105 for most of the £light regime.

A detailed loads survey was performed with the aircraft tested
at load factors betwesn =zero and 2.3¢'s and forward speads
of =20 to 127 knots (Vne) were demonstrated. Maneuvers inclue-
ded left and right sideward flight up to 25 knots, stabilized
banked turns up to.60°, descents up to Vne, including autorota-
tion, and maximum power climbs. Flight testing was performed

at 3,000 feet altitude and one (1) nominal center of gravity

location due to the high gross weight of the instrumented air-

craft. This démonstration was npot limited by structural rese
trictions; however, higher than expected torque tube bending
loads were experienced. The loads survey provided a wealth of
information on the structural characteristics of this bearing-

less rotor design.

Three flights were devoted entirely to gathering flying quali-
ties data such{as é%ick positions, roll and pitch angles and
rates, sideslip, and angle of attack versus CG position. This
datz was collected in order to predict stability derivatives of

the BMR.
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2.2 BACKGROUND FOR TESTING THE BMR IN THE 40-by~8‘0 TUNNEL
Before the BMR flight test program had even started, the poten-
tial of this advanced rotor system was recognized by many in
the helicopter inilustry. It was realized that while the flight
test program could demonstrate the feasibility of this system
and proVide some information on loads and stability, a more
thorough understancing of the dynamic and structural character-
istics of the BMR would be'possible in the controiled eaviron-
ment of a full scale wind tunnel test. Discussions were initi-
ated with the personnel at “he NASA-Ames 40~by-80 foot wind
tunnel to plan a test of the BMR at that facility. The origi-
nal concept of the test was a direct comparison of two config-
urations; the one built under the Eustis contract and a second
generation EMR with a reduced effective flapping hinge ocifsat.
Due to budget and time constraints the scope ¢f the program was
reduced to testing the prototype'EMR with several parameter

variaticns.

~ 2.3 TEST OBJECTIVES

The primary objective ¢f the BMR test in the Ames 40-by-80 wind
tunnel wac to obtain a thorough evaluafion of the aercelastic
stability characteristics of the Bearingless Main Rotor up to
the mazimum attainuble forward speéd. This was to include an
investigation of system modal damping &s a functicn of collec-
tive pitch, rotor speed, shaft angle, and if time permitted,

rates of climk and descent.



.

The stability charaeteﬁiﬁtics of the BMR defined from this pro-
gram were to be compared ¢o dynanmic Froude-scale model test
data, full-scale whirl tower data and flight test data where
appropriate to establish the validity of the test results and
contribute to the understanding of these results. It was in-
tended that correlation work would be performed with theoret-
ical data o validate and improve the mathematical models usad
to predict the stability of this type of hingeless rotor. One
objective of the test program was to investigate whether the
gtability data is much different from flight‘test data when
okbtained in the wind tunnel where more precise control of trim

conditions is possible.

Several configuration variations were to be tested to determine
thoir effect on stability. Should the configuration changes
prove to be beneficial for stability characteristics, potential
improvements to the existing design could be realized such as
reduced structural and design complexities. The planned con-
figuration changes were softer pitch 1links, the addition of

elastoreric danper strips and sweep variation.

in addition to the stability investigation. an extensive amount
of lecads data were to be recorded. ~ue rotor was to be tested
to forward speeds well beyond the capability of the BO0O-105
helicopter. Variations in thrust, rpm and shaft angle (propul-
sive force) were to be performe& to further the understanding

of the structural chavacteristics of the BMR compconents.

7
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The measured loads data were to ke coempared to both whirl tower LN

and flight test data so that the results obtained during this

wind tunnel program could be hetter understood. Of particuvlar

significance were the torgue tube loads, since flight testing i
produced some unexpected. results. The transmitted vibration
was measvred €0 that the contribution of the BMR to vibration

could be defined.

\

One purpose for monitoring the loads during the test was that ‘
the loads data obtained during the wind tunnel testing at Ames _
could be correlate' with analytical predictions. The goal was‘ 'f
to validate, and impreve where necessary, the mathematical
model used to rredict the MR loaés. A specific area of in-
terest was the muitiple load path consisting of the dual beams !
and torgue tube. Consequently one flexbean/torque tube assem-
bly was heavily instrumented to provide further insight into

the nature of the elastic deformations.

2 secondary objective was to measure ¢be BMR ceufiguration
rotour performance. Parameters such as the lift/drag ratio,
rotor power coefficient and rotor drag coefficient were'recor-
ded to provide a data base for understanding of the BMR per~
formance characteristics. The measured data were to be com=~

pared to the analysis to establish coxrelation.
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Flying qualities data were to be obtained subject to the limi-
taticnz of the testing schedule. Step inputs of longituéinal
and lateral cyclic were to be put in through the dynamic con-
trol system, and the time history of the rotor flapping reg-
ponse was to ba recorded. This information could be trfanalated
into the response of the rotor disc to a2 transient in@ut, Prow=
viding data on the phasing and amplitude of the zesponse to

control inputs.

Acoustic data were recorded during testing and will be pPro«

cessed by NASA-Ames.
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3.0 DESCRIPTION OF HARDWAERE

3.1 DBEARINGLESS MAIN ROTOR CONFIGURATION

3.1.1 Design Criteria

po

The selection of the BO-105 as the flight test vehicle ine
fluenced the formulation of a number of the design criteria.
The BO-105 wrs chosen for several reascens. The developaent of
a bearingless rotor preceeds easicst and most logically from a
hingeless rather tban an articulated rotor. The Boeing Company
has conducted many research flight test programs using the
BO-105, so We were very familiar with its characteristics and
had a great deal of baseline data to drvaw upon. Additionally,
the BO~-105 is a soft in-plane rotor, which is significant in a

design program where aexroelastic stability is of prime concein.

The stiff iu-plane rotor system is not subjected to the air and
ground resonance stability phenomena of the soft in-plane
rotor, yet is susceptible to blade and rotor instabilities such
as the flap-lag instability which can be equally disasterous.
The soft in-plane rotor is free of the typical flap-lag insta-
bility, and by utilizinyg beneficial blade elastic couplings a
rotor free of air and ground résonance instabilities can be

desiyned.

The censideration of blade elastic couplings in the BMR design
along with strength requirements dictated the gecmetric proper-
ties of the BMR system, particularly the fiberglass flexbeams.

This arizes from the fact that aercelastic stability depends
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on coupled natural freguencies and mede shapes, which are de-
pendant on the spanvise variation of mass and stiffness. In
additicn, loads and stresses depend on the spanwise distribu~
tions of nass and stiffness, the materizl selected and the
majoxr cfoss—section dimensions. Finally, the control system
requirements depend on the spanwise distribution of torsional
rigidity of the flexbeams, as well as the inertia and

acrodynamic pitching moment of the blade.

Thes&.factors led to the following design.crit&ria for the BHMR:
a. The BMR was to have no pitch bearings, no flap hinge
and no lag hinge.
- b. The aeromechanical stability of the baseline B0-105
aircraft system was to be retained.
c. Chordwice, flapwise and torsion stiffness and mass

distributions would be selected to yield current BO-

135 frequencies at 425 rpm:

1st flap = 1.12 per rev
ist chord = .70 per rev
Z2nd flap = 2.76 per rev

it

1st torsion Greater than 3.2 per rev

when coupled with the drive

system.

a. All BMR components were to be desianed to a minimum
fatigue life goal of 3600 hours based on the flight

profile specified in the contract Statement of Worlk.
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e. The BMR would reguire no modificsation to the BO=-105 ~

control system, actuators or drive system components.
f. No degradatien of the BO=105 flying .qualities or
performance would occur.
g. No modification to the BO~-105 retor shaft, meaning
pub moments could not exceed the 60,000 inch~pound

endurance limit.

32
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3.1.2 General Description

The Bearingless Main Rotox system is shown in an isometric view
in Figure 3.1, and a photcgraph of the flesbeam and hub area is
presentad in Figure 3,2, Everything aboeve the conventicnal
B0~105 rotor shaft iz included ag part of the BMR rotor system.
Conventional BO~105 rotor blades have been modified at the in-
board end to attach by means of an eight inch diameter titanium
clevig to.a set of dual fiberglass beams. The fiberglass beaws
are made of 3M~1002SFl pre-impregnated material, and are basice
ally a C-channel crosz section. The beams permit flapwise and
chordwise bending and full torsional travel. The root end of
the beams are rigidly Lolted to a metal hub asseabiy. Blade
pitch is controlled by a filament wound torgque tube which is
solidly cantilevered at the blade-to-beam joint. At th: in-
board end it is supported by a rod end bearing of the type uéed
in helicopter upper control assemblies. The pitch arm is con~
nected to the torgue tube just outboard of the rod end. Thus
motion of the pitch link imparts a torsion moment to the torque

tube, which in turn pitches the blades.

3.1.3 . Stiffnuws and Gecmetxy

All the geomsetric parameters of the fiberglass flexbeams, such
as width, height, flange and web thickness, and spacing between
the beams vary along the 52 inch nominal length. A typica.
crogs section of the dual beam assembly is depicted in Figure
3.3, and the va?iation of the scction geometry with span is

shown in the same ficure. Table 3.1 presents the same informa-~
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tion in tabular ferm, along with stiffncss and masa properties. S
The root end connection of the flaxbeams te the hub is at 2.38%
radiug station and the ocutboard bolte ! comnection to the clevia

is at 25.5% radius (49.3 inches).

The spanwise distribution of flsp stiffness is | 2zented in
Figure 3.4. 1In Figure 3.5 the spowise distribution of choxd
stiffness for an individual beam element abeut ite local neu-
tral axis is shown, along with the eguivalent single beam rep-
resentation of the total heam assembly chord stiffness. The
torsicnal stiffness of the beam agsembly is represented in
Figure 3.6 as the spanwise twist distribution resulting from a
1000. inch-pound applied torsion moment. It can be seen that
there is a significent stiffening effect due to centrifugal ) }
force. The equivalent torsional stiffness at rormal rpm is

6 1b,~in.? All of the aforementicned properties, along

.32%10
with several other parameters, are tabulated in Teble 3.1. in-
cluded is the EC, term, which is the warping censtraint that

resists a component cf the applied twisting moment.

The ZMR mainéains the 193.37 inches radius of the BO-105. The
blade attachment pins are located at 27.1% radius (52.36
inches) resulting in a modified B0~105 blade as shown in Figure
3.7. With the besm flexure untwisted, and attached to the hub
at an inclination of 12.5 degrees nose up, the blade chord line
at 70% radius station has an incidence of 9.55 degrees (the

~theoretical cruise collective). The blade has a built in 2.5
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degrees tip up predroecp at the clevis attachment. ‘Table 3.2
presents the mass and stiffness distributions of the blade and

clevig.

3.1.4 Natural Frequencies
The BMR fully coupled natural frequency spectrum is given in
Figure 3.8. These modal frequencies were identified during
static shake testing and from spectral analysis of rotating
strain gage data during whirl tower testing. The first flap-
wise and chordwise frequencies are nearly identical to those
specifiéd in the design criteria. The second flap mode is
slightly under the desired frequency at 425 rpn, but is well
placed with respect to the integer harmenics and the second
( chord frequency. The first torsion amode placement satisfies
the criterion of exceeding 3.2 per rev when the rotor is
coupled to the drive system. The second chord frequency is of
particular interest. During the design phase, the second chor
mode was predicted to be above 4 per rev. Nonrotsting bang
tests demonstrated a frequency closer to 3 per rev. This is a
result of the chordwise shear mode coupled with a single Leanm
bending mode. Fortunately, when coupled with the drive system
the second chord mode falls safely below 3 per rev (2.72 per

rev).
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TABLE 3.1.

.
.

RADIAL WIoTH

sy, ., W

(158.) (1:8.}
4.6 2.87%
5.3 2,770
6.3 2.660
e.3 2,280
10.3 1.960
12.3 1.720
14.3 1,650
16.3 1.650
18.3 1.650
20,1 *° 1,650
22.3 1,630
24.3 1.650
26.3 1,650
28.3. 1.650
30.3 1.650
32.3 1.650
3443 1.650
36.3 1.650
38.3 1.650
40.8 1.650
42.13 1.740
4.3 1.920
46.3 2.150

HBIGHT
]
{Ing.)

3.524
3,526

3.526

3.058

2.583

2.2786
2.,2182
2.1608
2,1634
2.04460
1.988%
1.9312
1.8738
1.8164 .
1.73%0
1.7017
1,6443
1.5869
1.5295
1.4577
1.6647
1.6970
1.8560

Aor BT A B VTR

TABULATION OF BMR PHYSICAL PROPERTIES
{(Page 1 ofi 2)

tit&ﬂﬁ@

£
(XH2,.)

1.201
1,186
L.092
026
<632
523
516
<435
«362
0337
#3111
«286
« 266
»2L8
286
o 286
» 206
.286
+286
» 286
304
.4ie
575

tuea
Ly
{I:8.}
1.250

2,718 .

2,336
1,651
1.058
«676
«469
«359
256
%182
140
«126
«126
128
«126
128
0125
125
126
2126
+126
»126
2.130

39

BIg
-8

®

(LB-I3%)
§8,1600
26,6550
92,9356
60.0%92
30,8167
19.5626
16,6151
14.2378
11,7278
10,2650
"8.9669
7.65857
7.2890
6.7718
16,2735
5.7959
5.3369
4.8974
4.4774
3.9793

5.979
7.706%
12.8540

Ig
(Le-Int)
15.99%
20,223
18,593
10.617
§.379
- 3,154%
2.673
2,320
1.949
1.723
1.520
1,313
1.249
1,158
1,672

389
+9G9
.233
.76%
675
1.00%
1.362
2.263

-
16-¢

(Lo-Int)

356. 8900
39%.3630

-350,20850

235.5783
151.6927
104.733
79.639
66.081
52.548
466,903
42,021
33,041
38.014
37.975
37.935
37.896
37.857
37.818
37.718
37.729
43.986
71.2332
135.6900

T, -
(rL.e~Ii?)
44,351
7¢.521
63,489
40.144
24,290
15,958
12.358
10.361
g.401
7.614
6.934
€.358
6.349
6.336
6.322
6,309
6.296
£.262
6.269
6.252
7.241
11.276
20.659



TABLE 2.1. TABULATION OF BMR PHYSICAL PROPERTIES
(Page 2 of 2)

reoIAL  Beo BA A G BRI, 1p B2PARRTION  ECy
BTN, x Lo-? x 104 % 1078 ' OF M. R.,'s x 10-¢
(188.) (LB=iH. 3y  (LB)  (IN8.2) (LB-Xi,?) (LB/IN.} (LB-IN,%/IN.) (IN8.) (LE~ZN, %)
4.0 45.13% 66.253 9,830 25,560 .683 4.224 3.600 419,78
8.3 36,241 01.247 19.408 26,215 1,359 €. 3.556 404,43
6.3 11,728 76.810 17,627 - 15.747 ° 1,233 §.746 . 3.488 157,80
8.3 13,087 61.355 12.338 6.425 .064 o 3.583 3.499 ,  62.65
10.3 6.5908 43,920 7.583 1,627 555 2,077 3,378 25.68
12,3 3.568 . 33.485 5.5%4 452145 389 1.318 3.209 11.94
"14.3 3.197 27.440  4.51e »3096 $316 . 1.052 - 3,224 7.73
16.3 2,767 22,657 3,818 .1936 .267 .088 3.221 5,75
18.3 2,215 17.716  1.055 1134 .217 «725 3.245 4.%.8
20.3 1,685 15,228 2,724 .0931 .12l .654 3.328 3.28
22.3 1.567 13,367 . 2.435 °  .0756 170 .592 3,391 , 2.713
24.3 1.199 11.944 2,225 L0611 156 .537 3,414 2.40
26.3 1.394 11.926 2.216 .0610 ,155 .532 3,416 2,26
.28,3 1.387 11.560 2,201 .0609 154 528 3.419 2.12
30.3 1.373 11.874  2.187 L0667 " .153 -~ ,818 3.423 1.9
2.3 1.372 11.847 2,172 © L0506 J1£2 .511 3.426 1.85
34.23 1.364 11,821 2.158 0505 .151 504 . 3.429 1.72
36,3 1.357 11,795 2,143 LOEC3 J50 498 - 3.433 1.60
19,3 1,349 11.768 2,129 L0602 . 149 .492 3.436 1.48
40.8 1.340 11.735  2.111 .0601 .148 o485 3,440 1.4
42,3 1.510 13.127  2.358 6734 165 .578 " 3.504 1.01
44.2 2.052¢  18.456 3.370 L1673 .216 .885 3.656 2.47
46,1 8,271% 21.577  7.95% 9.7500 .557 2.165 3.68) 45.34
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TABLE 3.2, MODIFIED BO-105 BLADE PROPERTIES
’ TORRIGNAL
BY=PLAD ' RI-DNORD ¢ IALF LA
, Rl O T BESTUNESS
R !'/R . 9‘5’?»/!“. fle gg £, ) o (.).0 g-? i, , . !let Li3wit5, 3,
fmguesy 6 eanTos o (RRS/TNL) P SN - S
193,17 Lo .. 2,38 £9,4 1.36
192.02 #3953 T 1 i .
192,02 .993 A1) ‘
106,22 «997 579
166,99 367 e 32
153,92 « 796 32
T 153,92 796 - 368
W2,65 .505 « 209
97.6% < 508 1,442 e
05,738 Y T 13 ‘X447 . ’
95,72 « 4998 » 309 ot
§7.79 454 0 208 ] . 1%.36
31,99 .424 - « 309 2039 . §9.4 1,84
76.19 + 204 372 3.39 86.71 - , .4
66,52 0 3i4 4762 5.004 §2,2%y - 3.62
: i 62,45 « 326 5155 5.728 56.53 3. 840
: . 59,94 . 304 . Jh474 6,224 49.16 . 4,57
: 53.95% .479 6122 ' 7.2a81 46, 3738 4.10
( 53,958 279 2,573 82.28 68,378 5.12
— 52, 269 2,872 187.28 266,374 5.17
50.4 26867 2.573 164.4 231,38 . .32
50.4 2687 1,3725 164.4 521,340 - ‘41,13
49.75 .2573 %.?5? . " 167,24 $66,95 - 41.13
5™
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3.1.5 Configuraticn Changes

The capability to vary three secparate structural dynamic char=
acteristics of the rotor system was incorporated into the basic
BMR design. New pitch lirke were manufactured with axial flexe
ibility to create a softer control springrate, which lowers the
first torsicral fregquency. The cbility to vary sweep was in~
cluded, which altecs the flap~lag~torsion coupling. Elasto-
meric damping naterial was purchased which changed the systea

structural damping level.

In addition to the couventional pitch }inks which characterized
those used on the RO-205, an alternate design was fabricated.
The barrel consisted of a 4130 steel upper and lower sleeve
attached by lock bolts. The lower sieceve incorporated bell=
ville spring washers on an end plug to provide axial fiexibil-
ity. 0il impregaated gquide bushings were used to accomodate
the movement of the end plug within the bellville washers. The
same rod end fittings as the baseline pitch links were used. A
photo of the soft pitch links is shown in Figure 3.9. After
the wind tunnel test a static deflection check was performned to
determine the pitch link stiffnesses. The results are given in

Figure 2.10.

A relatively simple change to the titanium clevis provided the
ability to vary the sweep angle about station 52.36 inches from
zero degrees to 2.5 degrees aft. At both blade bolt holes in

the clevis, the holes were enlarged slightly and new eccentric
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bushinga were installed. When the bushings are rotated 182.5°,

aft blade sweep of 2.5 results, The details of the har@ware
are presented in Figure 3.11. This parameter change was not

tested during this program cdue to time constraints.

The final configuration change was the éddition ef elastomeric
damper strips to the fiberglass floxbeaws. The resulting addi-
ticnal structural dawping produced a significant increase in
modzl damping during the wind tunnel test program. Xach damper

strip consists of a .02 inch thick layer of Lord Kinematic BTR

VI elastomeric damping material sandwiched between a .01 inch

thick layer of fiberglass cloth reinforced.epoxy and a .08 inch
thick constraining layer of graphite reinforced epoxy laminate.
One each of these strips is acdhesive bonded to the inner sur-
face (upper and lower) of each floxbean flange, for a total of
16 strips installed. This ig illustrated in Figure 3.12. The
change in stiffness as it affected modal frequencies is dis-
cussed in the stability results secticn of this report. Due to
the uncontrolled curing enﬁironment, sume portions of the damp-
ing material debonded during subsequent testing. However, this

is not considered to have invalidated the data obtained.
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3.2 MATING HARDWARE AND UPZER CONTROLS

3.2.1 Hub Adapter and Splined Collar

Some interface hardvare was required to mate the BMR hub to the
Rotor Test Apparatus (RTA) rotor shaft. The mating hardware
conzists of the hub adapter and splined collar, as pictured in
Figure 3.13. on the upper surface the hub adapter (Part
$K28259~1) containg holes with metiic threads which accept the
BMR hub studs. Theze hub studs attach directly to the flanged
end of the BO-105 rotor shaft on the aircraft. On the lower
surface, similar metric studs were used to attach to the
splined collar. This collar (Part SK28258-1) has flanges which
accept the metric studs from the hub adapter. At the lower end
of the collar, lugs are provided to connect with the rotating
gcissors links. The collar has an internal spline to f£it the
external spline of the RTA rotor shaft. It is secured to the
shaft with a collar retainirng not and lock washer. Rotation
with respect to the shaft is further rrevented by means of a
lock key (Part SK28267-1) which picks up a slot in the collar
and has teeth which mesh with the teeth in the collar retaining
nut. The collar assembly is located with respect to the shaft

by means of the existing RTA cone seacs.

3.2.2 New Upper Controls Hardware
In order to accomodazte the required BMR control moticns and
phasing, a new swashplate assembly was needed. The completed

swashplate assembly as installed on the RTA (Part SK28260-1) is
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shown in Figure 3.14. The assembly consists of the following
items: stafionary and rotating rings, bearing retainer, ball
slider retainer, swashplate bearing, spacer spring and ball and
socket assembly. The swashplate wag designed to provide 42.1
degrees of total blade pitch using the available RTA actuator
stroke. The rctating swashplate ring was designed to accept
the RTA ball and sccket assembly and spacer spring, made avail-
able for use during the test by NASA-Ames. The stationary and
rotating rings were fabricated of 7075 aluminum alloy. The
ball slider retainer was fabricated to capture the RTA ball and
socket assambly, and a bearing retainer holds the purchased

BO~105 swashplate bearing in place.

The rotating swashplate ring is driven by means of new rotating
séissors, which attach to the splined collar (See Figure 3.14)
and transmit rotor shaft torque to the swashplate. Thesa drive
links (Part SK28264~1) are comprised of an upper and lower
scigssors link made from 4340 ste... The stationary ring is
restrained frow rotation with respect to the shaft by a sta-
tionary link assembly (Part SK28263-1) which connects with the
RTA attachment link. There are stationary scissors lugs cn the
RTA transmission vpper bearing cap and on the stationary swash-

plate ring.

The swashplate design resulted in the need for new rod end
assemblies (Part SX28266-1} to connzct the RTA control input
rods to the stationary swashplate ring. The various combina-

~tions of actuator motion provide tilting of the swashplate
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about its horizontal plane (cyclic motion) as well as pure
vertical motion (collective motion). The rotating swashplafe
ring is attached to the pitch axm by pitch links (Part
SK28268-1). Eecause of the differences between the RTA and
BO-105 installations, much Jonger pitch links vere required for
this program. The same design features as used on the BO-105

pitch links were duplicated for this test.

3.2.3 RTA Controls

The RTA controls are operated from a remote control conscle.
The primary control system consists of three hydraulic servo-
mechanisms, an electromechanical actuator tied to each servo,
and a "walking beam" control rod linkage. Inputs originating
at the remote control console may be sent to the actuators in
one of twWo modes. Separate commands mey be given to each actu-
ator individuxzlly. A second option is for an electrically
mixed signal resclved into collective and cyclic commands to be
sent to the three actuators simultaneously. The signalg posi=
tion the hydraulic servo outputs, which drive the walking beams
to locate the final stationary swashplate ring position. Any
desired precessién angle may be set so that cveclic motion will

be about the desired control axes.

A medification to the control system allows for discrete pitch

changes about the nominal blade angle position established by
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the primary control system. At the pivat point of the lever

- arm3  which connect the primary serves and the stationary

control rods, an eccentric mechanism driven by rotary actuators
perturbates the nominal central positica to provide ramp or
eseillatory pitch inputs at a selected frsquency. The oscilla=-
tory imput »ay be gwept-sine, from a function gesnerater or ran-
don noise input. The input may be through collective pitch,
longitudinal cyclic or lateral cyclic. An additional option is
to command a dynamic input through the nutaticn control system.
The longitudinal apd lateral cyclic inputs are electrically
combined to produce a signal which wobbles the swashplate to

simulate stick whirl by the pilot at a specified freguency.

32.2.4 Description of the RTA

The Rotor Test Apparatus {(RTA) is shown in Figure 3.15 mounted
in the NASA-Ames 40-by-80 focot wind tunnel with the 32.23 foot
diameter PMR system installed. The RTA fuselage is an A-frame
structure, enclosed within a sheet aluminum aerodynamic fair~
ing. The structural steel I-beam framework provides a rigid
base for mounting the transmission and drive motcrs, and secur-
ing to the wind tunncl main and tail strut attachments. The
non~structural fairing is supported by forwms from the A-frame.
Work platforms in the form of “clamshell" doors are provided on
either side cf the transmissioa, hinged at the fuseclage sides

and latched at the top.
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The RTA is powered by two constant-torque, variable frequency
elactric motors rated at 1500 horsepower each. The motor oper-
oting speed range is 0 to 3000 rpm, and the motor is water
cooled. A drive shaft connects the two motors, vhich transmits
the power of the aft motor. Flexible couplings allcw for mis-
alignment, A second drive shaft connects the forward motor to
the transmissicn, and transmits the power of kothi motors when
in use. Flexzible couplings are also used for misalignment on

this drive shaft.

The transmissicn is a spiral bevel-helical gear speed reducer.
The transmission gear ratio is 6.9:1, and at the maximum input
rpm the tandem motcr installation provides 3000 horsepower at
437 output rpm. The one piece rotor shaft has a three inch
diameter hole for carrying instrimentation leads from the rotor
hub to the slip ring unit mounted below the tronsmission. The
transmission is lubricated by a forced oil lubrication system
with electric motors driving oil pressure and scavenge pumps.
Hydraulic pressure to the controls is maintained by electric-
ally driven on-board pumps. ° All hydraulics have independent.

double stages.

The RTA is mounted cn three struts mounted on a turntable, The
model pitch angle is varied by changing the height of the tail

strut., The two forward struts remain fixed throughout the
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test., vaw angle is achieved by rotating the turntable. Each
Strut is fitted with an aerodynamic fairing. Model power

cables and hydraulicz are routed through the struts to the RTA.

3.2.5 40=by~80 Tunnel Description

The RASA-Ames 40~by-80 foot wind tunnel is a clesed circuit air
retwn type tunnel., A Cross-section at the test section is
bPresented in Fiqure 3.16. The air is driven by six 40-foot
diameter fang which are each driven by a 6000 horsepower elec-
tric motor. The tunnel can operate at any speed up to approx=-
imately 200 knots and at Reynold'§ numbers up to 2x:0° per foot
at standard “atmospheric conditions. When the test section
overhead doors are open, a clear Opening 78.5 faet by 49 feet
is available fdr mcdel entrv. A 35 ton hoist is available fox
liftino models into the tunmel. A floating frame balance is
used to measure the Six components of forces and moments on the
model. The balance frame may be locked (fore and aft ang lat=-
erally) using a hydraulic snubbing system to protect the bal-
ance during large oscillatory load conditions. In addition,
eight balance danpers may be added (or removed) to alter the

system's dynamic Tesponse characteristics.
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4.0 HARDWARE DESIGN AND ANALYSIS ~ STRUCTURAL INTEGRITY

4.1 BMR HARDWARE .

The structural integrity of the BHR was demonstrated by
analysis, bench fatigue testing and whirl testing. Positive
margins in fatigue, limit and ultimate loading conditions were
obtained in the analysis. The fatigue design condition was &
1.6g steady turn a%t 100 knots for normal gross weight. A
fatigue lifs greater than 3600 hours was projected for all BMR

components.

Bench fatigue, limit and ultimate tescts were conducted as
reported in Reference 4. All components werxe subjected to at

least 2.55x106

cycles of fatigue loading. Run-outs were
achieved in all cases, and the demonstrated fatigue lives based
on a specified flight spectrum are given in Figure 4.1. Budget
and time constraints precluded a denonstraticn of 3600 hours
life for the beams and torque tubes, but it is felt that for
higher applied loadings these items also would show.fatique

lives greater than 3600 hours. Limit and ultimate tests were

conducted without failures.

The BMR hardware structural integrity was also verified on the
whirl tower. A thorough loads survey on the roter and BO-105
control system was conducted over a thrust range from zero up
to limits defined by rotor torque requirements. At normal (425

rpw) rotor speed and at 110 percent overspeed, loads were mea-
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sured at positive and negative cyclic pitch settings until
rotor shaft, beam flexure or torgue tube bending limits were
reached. Extensive strain gage instrumentation provided loads

data.

To assess ti:» integrity of the system under prolonged loading
conditions, the rotor was whiiled for 6.5 hours witlhi locads in
the most critical components at their endurance limits. At its
uneventful <¢enclusion, an overspeed test to 125 percent of

normal operating rpm was conducted.

A subsequent teardecwn inspection, in which extensive non-
destructive methods wvere used (=.g., X-ray, magnaflux and
visual), revealed on’* minor fretting in the metal hardware

which required minimu refurbishment prior to flight testing.

4.2 ADAPTER HARDWARE AND UPPZIR ROTOR CONTROLS

The structural integrity of the new hardware fabricated for
this test program was verified strictly by analysis. The pri-
mary strength criterion for fatigue was to ccmpute operating
margins of safety using conservative loads predictions and
crngervative design allowablec. In ceomputing the operating
margin —of safety, 75% of the analytical endurance iimit was
used as an additicnal conservatism. Positive fatigque margins
were found in all cases except for the basic ring section of
the rotating swashplate ring, and for the bearing retainer.

However, when the maximum Jloads actually encountered in the
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test program are used in plaée of the very conscrvative loads
used for these two items, the fatigue margins would be positive
for both parts. For limit strengths, 2/3 of ultimate strergth
was used with no plasticity considered. All components demon-
gtrated limit strengths at least three times greater than maxi=-
mum expected loads except the pitch link (bcth the standard

and "soft" links), which was twice the axpected load.

During the test program, the actual loads as a -percentage of
endurance and limit loads were monitored to insure safe
operation and inspections were performed before and after each
run. Following +the completion of the prograa, a thorough
inspection verified that no damage was incurred by the adapter

hardware cr upper rotor controls.

4.3 ROTOR TEST APPARATUS

No formal analysis was performed of the impact of the BMR loads
on the RTA strength. A comparison of the BMR loads with those
of some much bigger rotors tested on the RTA, such as the H-34,
indicated that the loads transmitted to the RTA would be

considerably lower than those it was designed to handle.
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5.0 DMATA ACQUISITION SYSTEM

5.1 INSTRUMENTATION
To obtain loads, stress and dynamic data, the four beams, two
hlades aad other significant rotating components were strain

gaged. In additicn to the instrumentation on the rotating

hardware; data acguired included stationary control loads, RTA

accelerations, steady balance loads, control positions and

tunnel operating conditions.

An adapter plate located at the top of the rotor head, a slip
ring assembly, terminal strips, lead wires and connectors
provide the necessary links between the transducers and data

acquisition equipment for each channel of measurement.

5.1.1 Rotor Instrumentation

Two blades awnd the four fiberglass beam assemblies were
instrumented with strain gages of 10C0 <hms resistance. Use of
the 1000 ohm gages permits a higher bridge voltage fo e
applied, thereby improving channel sen:itivity and compensating
for the reduction due to the poor he~t dissipation
characteristics of fiberglass. Bridge completion networks for
absolute strain measurements were installed close to the active
strain gage with 3 wires from the gage to eliminate any lead~
wire effect. Since all strain measursments were made into a
completed 4-arm bridge at the gage location, the signal
conditioning equipment did not require bridge completion

capability.
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" The rotor instrumentation for two flexbeam assemblies consisted

of flap and chord bending bridges on the individual beams at
several span locations, as well as flap and chord bending
bridges at two span locations on the blades and one torsion
bridge. Instrumentation on the leading beam of a flexbeam
assembly is referred to as on Beam A and on a trailing beam as
Beam B. In addition, total beam £flap, chord and torsion

bridges were located at one span station for all four flexbeam

assemblies. The torgque tube was instrumented to monitor

flapwise and chordwise bending, as well as torsion in the
torque tube. "Two of the pitch links were instrumented to
measure control gystem loads. The rotor shaft was instrumented
in the area above the éwashplate to measure the torque in the
r-*or head assemdly. Appendix A presents a complete list of
the rotor instrumentation, including gage locations, enginear-
ing wunits, positive signal direction, calibration data and

filter settings.

5.1.2 Additicnel Measurements

Instrumentatior ir the fixed system consisted of six stationary
swashplate ring absolute gages, stationary control rod and
actuator loads, and nine RTh accelerometers. In addition, the
six components of model aerodynamic forces and moments wvere
recorded wusing the “floating frame® system of balances
comprising the Static Force System. (Mocre complete information

on the Static Force System is fornd in Reference 10.)
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The rotor control positions, including collactive pitch,
longitudinal cyClic and lateral cyclic, were monitored at the
rotnr control console using feedback signals from the actuator
servos. Other data included rotor speed (measured using the
phototach signal) and shaft angle. Tunnel conditions such as
velocity and temperaturebwere also monitored continucusly and
recordad.

5.1.3 Wiring Connectors and Slip Ring

The strain gages were connected tc the slip ring directly
through wire bundles with connecters provided at the top of the
BMR hub. The adapter plate formerly usad to mount thé BMR
instrumentation canister was modified to provide mounting
brackets for the connectors which mate the strain gage and slip

ring wiring.

The slip ring provided a method whershy electrical power was
supplied for excitation of the transducers, and low level
signals were returned to the data recorders while the
instrumented components were in a rotating operational mode. A
one to one correspondence existed between the input and output
coraectors. The slip ring was located at the bottom of the
gear box and driven by %the rotor shaft. The "Rota-Switch" and
the 256/rev generator were located at and driven by the lower
part cof the slip ring assembly. Consisting of 192 stacked
brush and ring assemblies, the design of this unit was such
that electrical noise from brush and ring ccntact was mini-

mized.

s

]



o S - i,

-

o - " ,{»7-,—' e AT Yt
R e TR S PRI A ¢

5.2 ON-LINE MCNYITORING AND DATA ANALYSIS
The 40-by~80 data system ig a computey based system which can be
operated in either an on-line mede, or a stand alone with batch
Processing mede. It coasists of the following major subsystems:

Duval Dec 11,/70 Computers (Data Gathering Processor-

LGP end  Realtime Executive IProcessor - REP)

Static force system

Control congole

Special instrument gystem (8I)

Dynamic recording system (DRS)

Dynanic analysis system {DAS)

Transducer conditioning systen (TCS)

High speed data acquisition system (HZSDAS)

Display system

Closed circuit television sysnéﬁ

Acoustic recording system

On board multiplexing system

Reference Pressure system
The instrument subsystems in the control room are connested to
the model via a general patch panel, permanently ins“alled
cables to junction boxes on the tunnel balance frame, énd from
there to the model. & schematic.of the 40-by-80 data system is
presented in Figure $.1. A detailed dezcription of the 40-by-

80 data system is contained in Reference 10.
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Signals from the rotor transducers are first transmitted from
the slip ring and RTA patch panel to the High Speed Data
Acquisition System (HMSDAS) and Transducer Conditiconing System
(TCs). The TCS supplies DC excitation, bridge completion when
required, bridge balancing, shunt resistor calibration (RCAL)
anﬂ exterr.l excitzticn. The transducers are comnicted to this
system through the system patch panel. The HSDAS consists of
sixty Newpost 70A~4 amplifiers, a Xerox Data Systemes sample and
hold amplifier per channel, XDS 64 channel multiplexer and XDS
114 bit analeg to digital cenverter. This system is interfaced

to the computer and camnot operate in a stand alone mode.

From the HSDAS the signal from each transducer channel may be
routed to onme or more of three poussible sources. The signai
may be directed to the Dynamic Analysis System (DAS). The sys-
tem is primarily used in a stand alone mode for data acguisi-
tion/analysis and test conductance. It consists of a 32 chan-
nel analog conditioning element which can be sampled at rates
up to 200 KHz. The primary use of the DAS is to perform one or
more of the following operations on selected channels: Fourier
or Inverse Fourier transforms, auto power spectrum, auto cor
Cross cerrelation, histogramsg, transfer or characteristic func-
tions, or any special programmed function such as moving bleck

analysis.
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o Additionally, any signal from the HSDAS way be routed through
. filters to other on-line monitoring equipment. This consists

of a Cathode Ray Oscilloscope (CRO) with the capability to dis-

play continuous time histories of up toe 8 channels, two Qscill~

ograph Recorders (OGR) with a Capacity to provide a permanent

record of the time history traces of up to 18 chennels each,

and a Peak Detection System (PDS} which displays up to 50

channels of data a§ a percentage of a' prescribed limit value

either in the peak or one~half peak~to-peak mode. The PDS can

pProvide a paper tape recoerd of the values at any time and has

an alarm mode when a prescribed limit is reached on any

channel. There are also ten digital panel meters (DPM) which

N display the signals from ten channels in counts or volts, and
the information from these channels may be directed to the CRT
for display. All the channels are also recorded on the Dynamic
Recording System (DRS). This system provides for the recording
of 56 channels of analog data, one chamnnel of time code, two
channels of PCM data, two éhannels of timing data and one
channel of miscellaneous data on a 14 track magnetic tape.
These signals are conditioned by amplifiers in the HSDAS. The
DRS tapes may be processed following the test as an additional

method of data analysis.

The third vroute of signals from the HSDAS 1is to the Data
Gathering Processor (DGP). Scale data and special instrument

data (data from the digital panel meters, the dangelometer, yaw

-, T

reagout and barometer) which has been processed by the data
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management unit portion of the On-Board System (OBS) joins the
selected dvnamic data from the HSDAS at the DGP. Cperated from
a keyboard at the control console, the DGP is centered around a
DEC 11,70 unit, magnetic tape units and a CRT displey. The data
which has been gathered may be displayed on the CRT for test
conductance, written onto magnetic tape for post-test processing
by the NASA-Ames IBi 360 computer, or put on disk storage for
use by the Realtime Executive Processor (REP). The REP is used
to process important high speed channels and static data follow-
ing each run to provide a quick look at the data. This is use-
ful for evaluating data quality and test results and for deci=-

sion making in conducting the test.

5.3 POST-TEST DATA REDUCTION

At the conclusion of the test, the final reduced test data is
produced. The tare runs are reviewed and the selection of
appropriate hub tares for each run is made. A final listing of
all static data for each run is produced. This consists of
aerodynamic coefficients and loads obtained from the scale
data, tunnel condition information, and model conditions such
as shaft angle, yaw anglie, coliective pitch and cyclic angles,

and rotor speed.
For each channel of dynamic data, the inputs required to com-

pute engineering units from the raw signals are reviewed.

These include static tare values, RCAL data, gains and filter
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settings. Those runs or test points wheres a particular signal
was bad are identified. When all the inputs have been veri-
fied, the dynamic data is processed to give the final ligting
of high speed data. For each run and test point for eve-y
channel, this consists of a harmonic analysis (10 harmonics),
smeothed and averaged mean, RMS and half peak-to~peak data,
magnitude versus frequency plots, and time histories for 3
revolutions plus an average waveform adjusted for filter sete

tings.
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6.0 YEST PROCEDURES

6.1 GFNERAL APPROACH

The basic procedure used throughout this test program was to.
set a parﬁiculaz trim condition, record steady-state loads and

performance data, then ekcite the rotor through the Dynamic

Control System ahd compute the medal damping at that condition.

To insure that no aerocelastic instacility or excessive load

condition was encountered, careful utilization of pretest

predictions and on-line monitoring of data was employed. The

critical safoty instrumentation was monitored at all times, and

a continuous log was made of the growth of specific parameters

as test conditions were changed. In this manner it was possible
to predict at what point limits would be reached or exceeded

and prevent severe damaging conditions.

The test plan was structured so that for each series of
stability date points, the test proceeded in the direetion of
decreasing stability. As each stability data pcint. was taken,
the modal damping was computed and plotted against predicted
values so that the trend could be secen and an evaluation of the
stability at the next planned test condition could be made. If
indications were that the next point would have damping less
than 1% fixed system critical damping, a new test condition

could be selected.
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6.2 LOADS AND PERFORMANCE TESTING

After the initial hub tare runs and track and balance verifi-
cation, the procedures described here were followed for loads
and performance testing. A detailed pre-run sefi&s of inspec~
tions and checkliszts were performed on the BMR rotor and con=
trols haxdware, the RTA, the rotur console and control system,
tunnel motor operation, data monitoring equipment and instru-
nentation. When the mecdel and tunnel were secured, a zero
point was taken with zero shaft angle, 9.6° collective pitch

and zero cyclic input.

To start the rotor, the controls were set for a shaft angle
of ~10 degrees and a moderate collective pitch angle, usually
4° or 8°. Then the rotor was brought up to the desired rpm,
going rapidly through the 240 rpm to 325 rpm region where the
first chord mode crosses both the one per rev and the first
flap mode. As this is being done the rotor conscle cperator is
continuously adjusting cyclic pitch to maintain zero ohe per
rev flapping. The flap bending moment at station 14.25 inches
was used as the measure of one per rev flapping. The signal
from one flexbeam was fed through electronics in the rotor
control console which resclivad the flap mement into its steady,
one per rev sine and one per rev cosine components. The signal
was not calibrated for the actual value of flapping, but since
station 14.25 inches is inboard of the effective flap hinge
zero flap moment was assumed to indicate minimunm flapping.

Once the rotor reached the desired rotor speed, adjustments
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were made to the shaft angle and collective settings to mini-
mize loads as the tunnel was brought to the desired velocity.
When the desired tunnel speed was attained, the rpm, shaft
angle and collective were adjusted to reach the first test
point, and a steady-state loads and performance data point was

taken.

Specific procedures were established to insure safe operation
away from both lcads and stability problens. Figure 6.1 shows
the test boundaries which were established due to model contrecl
limits, clearances, power limits and stability requirements.
Reference 1l presents the vibratory and vibratory plus steady
load limits, as well as actions which were to be taken if any
limit was exceeded. Careful attention to these procedures in
the areas of damags count analysis and visual inspections during
the %“est permitted operation at various load levels with confi-
dence that the structural integrity of the system was not being
compromised. Finally, procedures for changing tunnel speed,
rpm, collective pitch angle and shaft angle were defined as to
the proper order for varying each item so that safe load levels

and stability margins could be maintained.

One type of loads and performance testing used a slightly dif-
ferent procedure, This was the 1g flight testing. To simulate
level flight in the BO-105 aircraft, the rotor was brought to

4<5 rpm and the tunnel set to the desired forward speed. Then
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collective pitch was adjusted to maintain C /o = .072. Next
th. shaft angle was varied until the rate of descant waé zero,
based on a nominal rotor effective flat plate drag area (FE) of
14.5 square feet. Longitudinal and lateral cyclic were
adjusted to attain - the pxedicted' aircraft wpitch and roll
moments necessary to tr:m the BO-105/BMR. Finally, enllective
pitch, shaft angle and cyciic pitch were fine tuned since
there is cross-coupling emong the trim requirements. When

trim was established, a steady~state data poini was taken.

6.3 STABILITY TESTING

6.3.1 Dynamic Characteristics of the BMR/RTA

The potential for reduced damping or even insta. ilities exists
when the lead-lag regressing rotor mode fregquency coalesces with
a body mode frequency of the RTA. Figure 6.2 shows the varia-
tion of the BMR lead-lay regressging mode frequency with rotor
speed. This figure shows the RTA mode frequencies of interest
for configuraticns with wind tunnel balance dampecs installed
and removed. RTA body mode frequencies are from Refexence 10.
with the balance dampers installed, a potential for instability
exists at about 420 rpm and at about 455 rpm. RTA body mode
frequencies change when balance dampers are removed, and rotor
speeds for potential instability are expected at about 4060 and
430 rpnm.
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6.3.2 Stability Predictions for the BMR/RTA

6.3.2.1 Predicted Stability

The BMR/RTA was modeled analytically using Boeing Vertol's c-90
aercelastic stability analysis program; this program is dis-
cussed in more detail in Sections 7.1.1 and 7.2.1. The specific
prediction results determined prior to testing in the NASA Ames
40-by~80 foo! wind tunne! are shown in Figures 6.3 through 6.14
Figure 6.3 shows the evpected damping level versus rotor speed
for a startup at zero thrust (approximately zero collective
pitch at 70 percent radius); this is expected to be the collec-
tive pitch for lowest damping. The stability level is shown in
terms of time to half amplitude, amplitude decay rate, and fixed
system critical damping ratic. In this report, aeroelastic
gtability mode damping ratios will be expressed in terms of
fixed system damping ratio, i.e., the damping at the lead-lag
regressing frequency. Results in Figure 6.3 are for 8 balence
dampers installed and for long struts (these were the struts
used to support the RTA during BMR/RTA testing). all analyti-
cal predictions are based on the assumption of no blade struc-
sural damping. As xotor speed increases, damping is expented
to increase until about 200 rpm. Damping is then expected to
decrease gradually until above 500 rpm except for a predicted
damp.ng reduction at about 470 rpm due ©o a bocy mode/lead-lag
regressing mode coalescence. However, the maximum possible test
rotor speed is 437 rpm sco that this reduction in damping at
about 470 rpm could not occur during BMR/RTA testing. The rotor
speed test range where BMK/RTA damping was obtainéd was 335 to

437 rpm.
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Figure 5;4 shows Lue predicted effect of removinq.wind tunnel
balance dampers; predicted damping is shown versus rotor speead
in hover (zero wind tunnel speed). Without balance dampers,
damping is predicted tc be reduced tc about 0.4 percent critical
at 428 rpm and tc =1 percent critical at 468 xrpm. These are
rotor speeds where coalescences of the RTA body mode frequencies
and the BMR lead-lag regressing mode frequency occurs. At other
rotcr speeds, damping is expected to be identical with and with-

out balance dampers.

Figures 6.5 through 6.% show predicted effects of airspeed,
rotor speed, collective pitch and shaft angles on damping.
Predictions are generally for all balance dampers installed,
rotor speeds from 340 to 437 rpm, collective pitch from 0O to 12
degrecs, airspeeds Jrom C tc 180 knots, and shaft angles from 0
te -6 degrees. Predictions generally indicate increasing
damping with increasing collective pitch (with maximum values
near 10 degrees}, and decreasing damping with increasing rotox
speed. Damping was not expected to be sensitive to shaft angle
at constant wind tunnel velocity, rotor speed, and collective
pitch. With other variables constant, damping was expected to
increase withbairspead from hover to 60 knots, then decrease :t
100 knots, and then increase for airspeeds up to 180 knots.
Fredicted damping levels in Figures 6.5 through 6.9 were inter-
pelated to obtain predicted damping levels at planned test

coaditions (Ref. 1il). A typical result is shown in Figure 6.10.
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Figures 6.11 and 6.12 show predicted damping versus airspeed
and shaft angle at zero and 4500 pounds thrust, respectively.

Results in these two figures are for 425 rpm rotor speed.

Figures 6.13 and 6.14 show predicted effects of varying blade
structural damping and blade sweep. Testing was conducted for
& blade chord mode structural demping variation. Bardware was
available for conducting a blade sweep variation, hut due to
time limitation in the wind tunnel, the sweep variation was not

tested.

6.3.2.2 Use of'sgability Predictions During Testing

Prior to conducting a particular test sequence, predicied
stability data wsre plotted for the specific planned test
conditions. As the test sequence progressed, test values of
damping data were computed and plotted cn the same graph with
expected (predicted) dcamping to determine wbether magnitudes

and trends of damping levels were as expected. Figure 6.15

shows test and expected demping results for the first run made -

with the BMR/RTA with rotor blade~ installed.

6.3.3 Stability Test Procedures

Two general methods éere considered for determiﬁing BMR,//RTA
aercelastic stability levels. One was the moving block methed
(Reference 13) and the other was the instrumental wvariable
method (Reference 14). The firsc method (discussed 1in wore

detail below) determines damping leveis from a decaying signal.
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The second method determines damping levels from curve fits of
an input/ocutput transfer function which may be obtained from
sinusoidal sweep testing or wide band fregquency random testing
over the frequency range of interest. The moving hlock method
was used almost exclusively to obtain stability data for the
BMR/ETA, and test results for BMR/RTA damping data contained in
this report .ve based on the moving block method of analysis
for dawping data. For damping determination by the wmoving block
method, the system vas excited in the fixed system through the
non~rotating swashplatzs using the Dynamic Control System (DCS).
Des inpufs were at the lead-lag regressing freguency. The
excitation amplitude was gradually in;reased until acceptable
response was obsarve:d, but the excitation amplitude was limited
to 2 safe value so that rotor vibratory load limits were not
exceedad. A responge measurement was selected for analysis on
the Dynamic Analysis System (DAS); the excitation was stopped,
a reccrd of the decay of the selected signal was recorded on
the LAS, and the decaying signal was then analyzed to determine

the damping level.
The test procedure for the moving block analysis was to:

a. Excite the system at ground rescnance {lead-lag
regressing) frequency nutation contrel on DCS. This
could be replaced by using longitudinzl cyclic input

cn DCE.
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Very slowly increase the amplitude wuntil a

"predetermined limit* was reached on any component.

Shut o¢ff the excitation and record the transient

decay of one or more of the'following:

Flezbeam chord bending 11.0A

Flexbeam chord bending 14.25 {multi-blade
coordinates)

Flexbeam chord bending 43.0A

Blade chord bending 55.36

Longitudinal RrTa acceleroncters

Lateral RTA accelerometers

Perform moving block analysis by:

Selecting start and stop time for analysis.,
Selecting parameter for analysis.

Obtaining spectral analysis and selecting
frequency for analysis.

Selecting block size.

Computer does moving bleck analysis.

Selecting time period for fit of log amplitude
decay. v

Display of damping and frequency results.
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The multi-blade coordinate analysis could be cowbined with the
meving block analysis method after performing a multi-blade
coordinate analysis of coxresponding instrumentation on all four
rotating arms simultaneously. Flesbeam chord bending gages
avizilable for multi-biade coordinate analysis were located at
radial station 14.25. In addition to using the DAS for stabilicy
analysis; one chann2l of the Oscillograph Recorder (OGR) was
used to display a filtered flexbeam chord bending gage (4547)
at station 11.0 on beam A. This gage was band pass filtersd
from 3 to 5 Hz to reject l/rev and steady (zero frequency) beam
bending moments. This signal could be monitored to determine
adequacy of the excitation level and could give an immediate
qualitative indication of the level of stability. A sample

signal is indicated in Figure 6.16.

6.3.4 Types of Excitation

Discrete freguency sinusoidal excitation was generally used for
excitation of zeroelastic stability modes before anal&sis of
decays by the moving block method. However, during the initial
hover run, steps of either collective pitch, lateral cyclic, or
longitudinal cyclic were introduced to produce a low level of
response for initial evaluation of stability levels in hover.
As mentioned above, swept sine excitation and bhanded frequency
random excitation in the frequency range of interest were also

considered for obtaining transfer functions for “Fetermining
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damping by the instrumental variebles method. However, only a
few attempts were made to use the instrumental variables method,
and all stability data presented in this report are from the

moving block method of analysis of transient decayirg signalis.

All types of excitation were introduced by exciting the
swashplate in the fixed system using the DCS. For discrete
frequency sinusoidal excitatiocn, two kinds excitation were

generally introduced at the lead-lag regressing frequency:
1) lateral cyclic only

. 2) nutation excitation which combined lateral and

longitudinal cyclic excitation in a phase

relationship which would best excite the lead-lag

regressing mode.

Thus to use the DCS there were three variables to cgelect for

discrete frequency sinusoidal excitation:

1) lateral or nutation excitation

2) excitation frequency {(lead-lag regressing frequency)
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3) excitatiocn anplitude
Excitation amplitude on the DCS amplitoede control was indicated
in ecovnis. The maximum jinput amplitude used wea 600 counte,
whicih ~crrespondad to approximately .76 degeeas of cyclic

excitation.
6.3.5 Data Analysis Methods
As mentioned above, several methods of data analysis were

congzidered for datermining damping from test data:

1) jnstrumental variables: deterning damping from curve

fits of transfer function
2) woving block analysis of a gecaying signal

3) manual analysis of a filtered flexbeam chord bendéing

decaving signal (as a hackup).

- The moving block method was used as the primaxy.method after

limited attempts at using the instrumental variable method in
combination with multi-blade coordinate analvsis. The moving
block methcd was used with both the muiti-blade coordinate
analysis cyclic signals and with a single flexbeam chord
bending signal (generally Data Code 4547, radial station 11,
bemm A). Tha latter signal was in the rotatring systeﬁ- For

detarnining asroelastic stability, either neasurements in the
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‘é‘, rotating gystem or the fixed system could be analyzed. 1In
Figure 6.17, YBR and YHUB are rotating and fixed system
motions, respectively. A physical relationship between blade
rotating system motions and fixed system hub motions is implied
on sheet 1 of Figure 6.17. The chordwise blade motion YBR in
tha rotating system has a component YBF in the lateral direc
tion in t.a fixed system. As an exauple 1et.the blade motion
in the rotating system be sinuscidal at the blade first chord

node frequency:

Ypp = Ypp SIN wet
Where
wp = blade first chord mrede frequency,
rad/sec
t = time, sec
;ﬁR = amplitude of blade motion, cm

The fized system component of this motion in the
lateral direction is:

= Y Cos at

Ipp BR

‘n = Ypp (SIN w .t COS Qt)
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VIEW LOOKING
DOWN ON ROTGR

Q@ = ROTOR SPEED, RAD/SEC

= ROTATING SYSTEM BLADE MOTION AT PCINT i
IN BLADE FIRST CWORD MODE

b4 = LATERAL FIXED SYSTEM BLADE MOTION AT POINT i

v
“BR

BF 1N THE BLADE FIRST CHORD MODE
LET N
Yiz = Tpg SiNet
WHERE
©_. = THE FIRST CHORD MODE FREUQENCY, RAD/SEC
¢ = TIME,SEC
THEN
Y =

BF YBR SIN wgt CoS @ t

1/2 Tpp [ SIN (f-w. )t + SIN (24w )t ]

>

i}

REGRESSING PROGRESSING
MODE MODE

FREQUENRCY FREQUENCY

FIGURE 6.17 EXAMPLE OF DECAYING SIGNALS N FIXID AND
ROTATING SYSTEM FOR AEROELASTIC STABILITY
MODE (SHEET 1 CF 2)
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FIGURE 6.17 EXAMPLY OF DECAYING SIGHALS IM FIXID AND
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Thus the lateral compenent of blade motion in the fized system

has two fruquency components. One is the lesd-lag regressing
mode frequency, Qwuzt, and the other is the lead-lag progressing
node frequency, ng . Foxr the sofi~in-plane BMR rotor (m§ < Q
»t normal rotor speed), the £reguency of interest is ‘the

regressing mode freguency.

As indicated in Figure 6.17, sheet 1, lateral hub motion

YHUB may also occur so that coupling between fixed system blade

and hub motions may occur. Tnis coupling is most likely to

occur when a body mode natural fregquency eguals or neaxly
equals the rotor lead-lay regressing mcde freguency. From
sheet 1 of Figure 6.17, it can be seen that similar relation-
ships can be developed for the longitudinal components of
blade motions which could couple with longitudinal hub
motions. Mathematical relationships for couvpling between
the rotor Jlead-lag regressing mcde and the hub have been

developed in the literature; see for example Reference 15.

When the coupled system consisting of the roter and the body
(RTA) is excited in the fixed system at the lead-lag regressing
mode frequency, the rotor will respond in ths rotating system
at the first chord mode fresquency, wé. Body motiens will occur

in the fired system at the lead~lag regressing mode Ireguency,

_Q«wc.
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After excitstion is stopped, the rate of decay of motions in
the fixed and rotating systems will be the same, e.g., the
times to half amplitude will be the pame. Assume thét the
rotating system motion is decaying due to damping after a fixed
system Jsinusoidal excitation (at the lead-lag regressing
frecquency) has stopped. Assume that the rotating system
blade wotion is:

-at

p4 = Y

BR BRE SIN m;t

The corresponding lateral fixed systenm compohent blade motion
is:

Ypp = /2 ¥pp

e 2t sin (R t).

Critical damping is defined as the minimum viscsus damping
which will allow a displaced system %o return to its undis-
placed position without further oscilliation. The fracticn of
critical damping which a system hss in a particular mode of
oscillation is velated to the exponential decay rate of free

vibration:

4 = a = ratio of c¢ritical damping
o
w = freguency of free vibration
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Fer the rctating system escillation YBR' the ratio of critical

damping is:

£ = a, = rotating system ratio of
BR -—

mc critical dampiag.

For a fixed component of motion Yop the ratio of critical

damping is:

gBF = a = fizxed system ratio of eritical

, dambing

Then the relationship between damping ratios determined in the
fixed and rotating systems fer aeroelastic stability modes
involving the rotor lead-lag regressing mode is:

Spr = We = fixed system ratio o7 critical damping

¢ Q=w rotating system ratio of critical damping
BR ¢

Therefore, a rotating system signal will have a lower ratio of
critical damping than the corresponding fixed system signal.
Attempts at analyzing fixed system RTA accelerometers and
multi-blade cyclic chord bending sigaals gave podr result;;
compared to analyzing a single rotating system chord bending
gage and computing the corresponding damping which would have
been observed in the fixed system. All critical damping data

shown in figures in this report are equivalent rfixed system
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damping. Ficgure 6.17 shows the relaztionrhip used to compute
damping in the fixed system from damping in the rotating systen.
This conversion from rotating to fized system has a potential
for introducing significant errors, particularly at locw rotor
speeds where the first chord frequency is very near the rotor
rotational frequencv. As seen in Figure 6.17, the difference
between these two frequencies is used in the comxputing of the
relaticnship between fixed system and rotating system damping.
As discussed below, the chord mode fregquency obtained from the
moving block analysis is known onlj to an accuracy of 0.125 Hz

for analysis of a typical time sample of B.D sesconds.

An expression for the BMR first chord mode freguency based on
decay traces from Boeing Vertol whirl towsr tests is beliaved
to be slightly more accurate than the DAS first chord mode fre-
quency spectral analysis results. These whirl tower results
may be used for configurations vhich did not have damper strips
added to the flexbeams. This expression for chord mode fre-

quency is:

wp = 20 (4.75 + 1.24 (2 - 1) -.02 ® )
375
where,
wg = first'chord mode frequency, rad/sec
Q = rotor speed, RPM

8 4= collective pitch at 70% blade radius, degrees
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This expression was used to comnute chord wode freguencies for
s A

use in the expression to wconvert rotating system damping o

fired system damping foy configurations without danper strips.
This expression for £first chord mode freguency 13 not comnzisitent
with DAS software. For configurations with damper strips
added, the DAS spectral analvsis value for rotating Ffirst chord

mode frequency was used to canpute the factor for converting

rotating system damping to fized systen dasping.

Another way of presenting stability dsta is to irdicate tinme to
decay to half amplitude. as indicated in Figure 6.17, tine to
half amplitude is the same for both rotating and fixed system
signals for a coupled reter/bedy wmode. Therefora, the tvime to
half awplitude can be computed directly from The rotating sys~
tem measurement, and a small ervor in the chord mode freguency
from the moving block analysis weuld prodvee only a small error
in the computed time to half amplitude (see the expression for
time to half amplitude in Figure 6.17). The expression for

first choxrd freguency hased on 2oeing Vertol whirl tower tests

was used to ccmpute time to half amplitude for configurations

where no danper strips were added. When damper strips were
added, DAS spectral analysis re ults for first chord frequency
were used to compute times to half amplitude. Generally, in
this report, stability data from the BMR/RTA test are presented
in both formats, i.e., fixed systen ratio of critical dawping

and time to half amplitude.



£R

?

,‘4% .

The wmoving block analysis is conducted on the Das through an
interactive graphics terminal. Figucre 6.18 shows typical dis-
plays from the graphica texminal. One display shows the sample
rate (typically 64 samples pexr second), the time length cf the
data sample to Dbe analyzed (typically 8.0 seconds), and the
flight conditions: tunnel speed, yotor speed, collective
pitch, and angle of attack. These data are all input by the
engineer operating the graphics terminal. The operating pro-~
cedure is to record a sample of decaying data after excitation
is terminated by the engineer operating the DCS. The engineer
operating the D&S initiates collecting a cata sansple when given
a sign;l from the DCS controllex indicating that excitation has
been terminated. After data collecticn, a spcctrai analysis of
the sawple is completed and displayed (Fiqure 6.18). The gra-
phics terminal operator specifies a narrow frequency band in«
cluding the freguency of interest for the moving block analy-
cig. In Figure 6.18, a flexbeum chord bending gage is being
analyzed, and the frequency of interest is the first chord
bending mode just below 5 Hz. The block size is also specified
for the moving block analysis: 1/2 was generally used meaning
that a 4 second moving block size was used for an 8 second time
sample; this smooths variations in the signal with time. The
moving block technigue analyzes the débaying transient signal
at the peak frequency amplitude found within the f£frequency
range specified by the DAS operator. The log decay is then
displayed for the selected peak freguency; the +erminal opera-

tor selects a time period to compute a linear fit to this
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decay, and the corresponding damping level is cemputed. In the
example in Figure 6.18, the fit time was from 0 to 4 seconds,
and the rotating system damping was 1.21 percent; the {ixed
system damping was 2.76 percent (the conversion from rotating
to fizxed systém denping was eventually added as a part of the
movirg block analysis on the Das). The unfiltered sigual was
also displayed on the graphics terminal; in the example in
Figure 6.18, the sigunal contains méstly data at the chord bend-
ing fregquency. &t low rotor speeds, the unfiltered chord bend-

ing data would also contain a very large one/rev signal.

6.4 FLYING QUALITIES TESTING

The flying qualities testing was very similar to the 1G flight
testing. The rpm was set at 425% and the tunnel speed brought
to the desired setting. Collective pitch was adjusted to main=-
tain a lift coefficient of .072. The shaft angle was varied
until the rate of descent was zero, and longitudinal and late-
ral cyclic pitch were adjusted to attain the predicted aircraft
pitch and roll momeats of the BO-105/BMR. Then approximately
.4 degree input changes of positive and negative longitudinal
and lateral cyclic pitch were put in successively thfough the
Dynamic Contrel System. For each input, time history data was
taken of the multi-biade flap and chord bending flexbeam gages

so that fixed system hub loads response data could be computed.
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7.0 PRETIEST ANALYSIS METHODOLOGY

7.1 STABILITY ANALYSIS METEODOLOGY

7.1.1  Description of C-90 Program

Boeing Vertol's €~90 analysis computer program has been
described in some detail in Reference 16. This program was
used to predict expected damping levels on the BMR/RTA. Figure
7.1 shows general features of the C-90 computer program. The
program can compute aercelastic stability mode damping for
ground resonance, hover, and forward £flight. It uses modal
representations of the rotor blades and the airframe, and has
the capability to incorpcrate rotor isolation elements between
the rotor transmission and the airframe. A computational flow
diagram for €=-90 is shown in Figure 7.2. Input required for
C-90 are described in Reference 17. A steady state rotor loads
analysis is required to compute the blade steady deflected pesi-
tions, and a rotor blade nodal analysis must be performed to
generate blade modal data at the steady deflected position for

input to the C-90 program.

7.1.2 Correlation of Predicted C-90 Stability Results with
Flight Test Data for the BMR

To validate the capability of comp ter program C-90 tg predict
aeroelastic stability levels, (=90 analyses were conducted to
determine damping data for comparison with data obtained during
BMR/BO~-105 flight tests conducted by Boeing Vertol (Referenca

18). Results of this analysis/test comparison are shown in

Figures 7.3 throuagb 7.6 from Keference 16. These figures show
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comparisons of predicted and test values of damping versus aire
speed for level flight; versus rate of climd at 60 knots; and
versus collective pitch position at 50 and 100 knote. Test and
C-90 analysis damping data are in very good agreement in these
figures. Figures 7.7 and 7.8 show C~90 analy.iz versugs test
comparisons .or damping data fox the BEMR rotor on the Vertol
whirl tower. Again, C-90 analysis results and the test resulits
are in very good agreement. All results in Figures 7.3 through
7.8 are equivalent fixed system damping at approximately the

lead~lag regressing mode frequency.’
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7.2 LOADS ANALYSIS WETHODOLOGY
1.2.1 bescription of C~60 Progran
Boeiny Vertol has developed an aeroelastic rotor loads analysis,

the C~50 Program, which calculates:

o blade lcads and metions for steady-state f£light
conditions
o control~systzn forces

o steady .and vibratory hub loads

0 rotor performance

0 rotor trim
for articulated, teetering, and hingeless rotors with two to
nine blades. The blades may be of arbitrary plauform, twist,
and airfoil section variation with radius. This analysis is

limited to steady flight cenditions.

The analysis considers coupled flap and torsion deflecticns and
uncoupled chordwice geflections of the rotor biades. The blade
is represented by 25 lumped masses connected by elastic ele-
ments. The model can inclﬁde planform sweep at two locations
and spanwise variations of shear center, vertical neutral axis,
chordwise center of gravity, and pitch axis., The associated-
matrix method is used to relate the tip-boundary copditions %o
the roat—boundéry conditions. ‘The solution is expressed 25 a
Fourier serieg and the coefficients are obtained by inverting
the watrix eguaticn that relates the tip-and w<oot-boundary

conditions.
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Airload calculations includs airfoll-section gewmatry, compres-
sibility, stall, three-dimensional flow, unsteady aerodynamics
with center of pressure chift, and nonuniform dewnwash. Static
airfoil tables are used to account ror compressibility, static
stall, and airfsil shape. The unstoady aerodynamic loads are
calculated by nodifying the static losding resuitiug from the
airfoil tables to include Theodorsen's shed-wake function,
dynamic stall effects based on oscillating-airfSiI data, and

yawed filow acrozs the blade.

The wake is modeled as a tip and root vortex trailed from each
blade for nonuniform inflow calculations. Through an iterative
procedure, each trailed vortex 1is made compatible with the
calcuiated blade-lift distributicon; the lift distribution is
compatible with the nonuniform downwash field. The vortex wvake
is assumed to be rigid and to drift relative to the hub with
a constant wvelocity compesed of the thrust-irnduced uniform
~fownvash added to the speed of the aircraft., The nenuniform
downwash field can be recalculated at any stage of the analysi:
to account for the redistribution of airlocads resulting from

elastic hlade deflections.

The ncnlinear aerodynamic loads and the coupled flap and pitch
responses are calculated iteratively. Up to 20 iteraticns are
used to obtain the final solution. This iterated sclution
accounts for the noniinear coupling betwecn the blade defllec-

ERN tions and airlcads that result from stall snd compressibility.

131



P i . e

P T A I T T R S R
H
!

A summary of the analytical features is provided in Figure 7.9. “

The uncoupled lag response calculation includes an option to
analyze a multiple load path retenticn system such as the dual
beam BMR configuration. This option adds an additional program
logp in which the cherd momeats and shears and the anial force
are used to initialize a gpecial suebreutine which computes the
chord motion of the dual retention system. The deflections and
slopes are bkarmcnically analyzed and imposed as new boundary
cenditions on the chord portion of £=60 at the outhoard end of
the beams. A new pass through the chord portion of C-60 is
made and new moments, shears, and axial force are computed.
These are compared to the previous iteration unvil convergence

ig achieved.

7.2.2 VYerification of C«60 Progran

Figures 7.1Q thrcough 7.13 show a comparison of loads predicted
by =60 with BMR/RTA test results for a selected test point at
90 kncts. The 90 knot condition was selected because it does
not contain transiticn effects or very high advancing tip Mach
Humber effects. The flap bending steady and vibratory moment
corrrlation is very good, as is Lhe vibratory chord moment
correlation. The steady chord memsant correlation is fair to
poor. Figures 7.12 and 7.13 present only the total chord bend-
ing moment. Since a major portion of the chord hending moment
at the blade t> flexbeam attachment is transwmitted as differen=-

tial axial force in the beams, lecal bzan chord bending moments
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are small relstive %o klade root moments at staticn 55.36
inches, The theory as shown treats the flexbezms as an equiva-
lent single beam, then cowputes the local chord mowments. The
total chord wmoment meacured at statien 2.4.25 inches iF not pre-
sented in the correlation pleta. This bridge waid installed teo
measure reiative changes in chord bending respopse only for
mueltiblade etability analysis during control excitations. The
calibration conditions for this bending bridge consisted of
equal local shear and meoment distributions for the leading and
trailing heam. Uander rotating conditions, when the local dis-
tributione are not the same and centrifugal force is present,

the laboratory calibrations are not applicable.

Figures 7.14 through 7.17 show correlation for BMR/RTA test
results in which the contrel inputs were adjusted to match the
i/rev flapping of the BMR/BO-105 flight test results at 29.5

knots. Again, the flap bending correlation is excellent, while
both the steady and vibratory chord moment correlation is poor.
Figure 7.18 presents an explanation fer this result. This
figure shows the computed lag deflection versus radiuvs for the
C-60 cquivalent baam mathod and the local chord bending subrou-
tine. It can :be seen that the two results are not compatible.
Without a converged solution, the iadividual bHeem chord bending
mements predicted for stations 11 and 43 will bhe based on a
chord bending mode shape in the flexbeams which is not consis-
tent with the blade chord bending mede shapa. A discoatipu-

ity in the mode shaps will exist at the blade attachmant jeint.

.
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Further effort is required to refine the iteration process &0

that a converged solution can be obtained,
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7.3 PERFOURMMNCE ANALYSIS METHODOLOGY

7.3.1 Description ¢of B-67 Program

The performance of rotors in forward fiight is-calculated using
program B-67 PD. This is a roter performance and airxrloads anal-
ysis in which the plades are treated as lifting lines. The
trailed vorten wake is vepresented by . mmber of concsutrated
vortices. The program iterates to cbtain a mutually consistent
induced f£flow and aercdynamic lcading. Two flép bending modes
and cn2 torsion mode may be included. The analysis ig applica~
ble to blades of arbitrary twist and planform, and the effacts
of radial flow and unsteady aerodynamics on the airfeil charac-
teristics are included. The feaftures of B-§7 are presented in

Figure 7.19.

7.3.2 Verification of B-67 Program

Figqure 7.20 shows qoond correlaticn of B~67 theory with wind
tunnel test data for a three-bladed rotor. In Figure 7.21 the
measured azimuthal load variation near the tip of a CH-47

rotor blade compares well with B-67 predictions.
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8.0 TEST RESULTS

8.1 STARILITY

Aercelastic stability test resuits are presented in this sec-

“tion in terms of percent critical damping and time to half

amplitude obtained from decay tesis. Attempts were pmade to
estimate the degree of data scatter by selected repetition
at certain test conditions. HRepeatability of damping results
was found to be dependent on the stability level. Good re~
peatability was generally found in the two to four percent
fixed system critical damping ratic level. Poor repeatability
was generally obtained ahove ten percent fixed svstem critical
damping ratio. Data scatter was also found to be smaller at
rotor speeds of 400 rpm and higher where the first chord mode
frequency was well below the rotor 1l/rev freguency.

8.1.1 Baseline Configuration Results

8.1.1.1 Lawping Versus Alrspeed

8.1.1.1.1 Damping WVersus Airspead with Colliective Pitch and
Shaft Angle Variations

Fiqures 8.1 and 8.2 show fixed system dawping ratic and time to
half amplitude versus airspeed at normal rotor speed. Results
are for a shaft angle of -6 degrees and for collective pitch
angles at 70 percent radius of 3 to 10 degrees. Data is pre-
sented for airSpee&s from hover to 120 knots. Note that the
shaft angle for hover was ~10 degrees. Figure #.1 <hows that
at a constznt collective pitch, fixed system damping generally

remains the same or increases slightly as airspeed increases
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from hover to &0 knots. Between 60 and 90 knots, fixed systenm
damping remaing constant for 3 to & degreegz collective pitch,
and decreagee as airgpeed increases from 60 to 20 knots at 8
degrees collective pitch. At collective pitch angles of 4 to 8
degreen, darping decreaces as alrsgpeed increases from 90 to 120

knots.

Damping is stable &t all airspeeds ard collective pitches indi-
c4ted in Figure 8.1, Damping increases with collective pitch
at all airspeeds; a minimum damping of slightly less than 2
percent critical occcurred at 3 degrees.collective pitch; a max-
ipwn damping of about 11 percent was obtained at 10 degrees

collactive pitch in hover.

Figure 8.2 shows time ¢o half amplitude data versus airspeed
corresponding to fixed system damping ratio data shown in Fig-
ure 8.1. Time to half amplitude data have an inversa relation~
ship to fixed system damping data: a low value of damping cor-
responds to a high value of time te half amplitude. The maxi=-
mum value of time to half amplitude 1s about 2.5 seconds at 3
degrees qollective pitch at 60 knots; the minimum value ob-
tained 1s less than one half second at 10 degrees collective

pitch for hover.

Figures 8.3 and 8.4 show damping ratio and time f£o half ampli-
tude data versus airspeed for speeds from hover to 143 knots

for c¢ollective piteh angles from 0 to 10 degrees and shaft




P

angles from -8 to ~-12 degrees. Results are generally in agree-~
ment with those of Figures 8.1 and 8.2; the trend of decreasing
damping with increasing airspeed for speeds above 90 knots at
constant collective pitch and shaft angle is confirmed. Damp-~
ing data do not appear to be verv sensitive to shaft angle

based on results shown in Figures 8.3 and 8.4.

8.%1.1.1.2 Damping Versus Airspeed for 1.0 G Level Flight Level
flight testing was conducted to obtain performance data but no
aercelastic stability data were cbhbtained for these conditions.
Trim values of collective pitch and shaft angles versus air-
speed for the 1.0 G level flight condition are shown in Figuce
8.5. Figure 8.6 shows trim values of collective pitch and
shaft angle versus airspeed for the zero flapping condition
where the lift equals 5000 pounds (take-off gross weight) and
the flat plate drag area equals 9.0 square feet. That is the
flat plate area of the rotor witih the hub and RTA tares
removed, and matches the flat plate area of the BO-IOé retor.
Based on interpolating the damping data obtained in the test at
zero flapping conditicns which bracketed the range of ftrim con-
ditions shown in Figure 8.6, the damping values for a 5000
pound 1lift, Fo = 9.0 square feet condition are plotted in
Figura 8.7 versus alrspeed. This approximates 1.0g9 f£light
damping dazta. TPFigure 8.7 shows estimated damping for 1.0 G
level flicght to be about 7 percepnt in hover, decreasing to
about 3.5 percent at €0 knots, and i1ncreasing to about 6.5 per-

cent at 120 knots.

151



[

(W]

Vi

™

.

T4

(¥

R s o
A B &
U

" 15t
- ot
L B
o
z £t
T

a 5+
X '
L o
]
> 2
L5 o
Q -
u gt
®

te

FIGURE 8.1

RUTOR EFIED Cot.. RITCH EHAFY BRELE

RN CRAD/EEC)  DER CRRD } 5ER CRRD )
D 2T, g iy .2 B.E52 ~g. -3, 29
3 ] yy 3 gieoh - SN
5 RrEN ] wy g 7] ®.i0% -haE ot
M NP LR f.4 [P L8 ~£',]ii§'
: sl W, e 817 R R 1 ot

NOTE: SHAFY ANGLE = -10 DEGREES AT AIRSPEEDR = 8

| 10°

i — g ¢ ;
4 +

[ | ]
g T T,
3

4

38 g ea “B I 25 1)
RiRSPEED KNOTS)

ing

22 Uz
HIRGETED ( METERG/EECY

FORWARD PLIGHT - FIXED S5YS3TEH DRAMPING VS AIRSPEED AND
COLLECTIVE PITCIH - AT MNOHNMAL ROTOR SPEED AND -¢ DECGRER
SHAFT ANGLE -~ DASELINE CONFIGURATION ’

ET NI

-

e e g . 1 R W i et

L bt i Yl

i -

T PRL N NE

E: {‘:'
j s
4:'
3 .
i .
§ i
-
‘
- |’_:l
E ;
y
l
- .
£
i}
i .
bl
%
B
3
‘.! )\'.
Ay
3y
E £¥
a4 g
i
¢ %‘
\_"‘_
i




€51

ROTOR EFETRD L. PEYCH g..m e
Rri LRID/BERCY Yo CHAD)Y 3 LES) S
T .8 q.8 5.8 =Y.
? :3,3 i Ly g :?asfé
# vig AN . “B.g -Elliig
1 AR W, g 16,6 . -E.8  -@. &3
y
3
'f, NOTE: SHAFT ANGLE = -10 DEGREES AT AIRSPEED = 0
i.!...
)
)
2
ol
.;i -+ _
o
- 3 ., =13
% a P ] B
h- ‘\n
é [y T—-——-“___________________ 4° /
z & & -] +
(] T Lo
4 6 #_—ﬂdﬂrf,’/zﬂ
. D + 4=
1 B e H—
f — O * Q
2 15 g
gt or § o+ T ’ 4 = 5. 4
A za Hy K5 £ =@ 158 143 [}
RiIREPEED (KNOTSD
4~ 26 g R £n

FICURE 8.2

RIRSPZED (HETERGE/SES)

FORWARD FLIGI(T - TIME TO HALF AMPLITUDE VS AIRSPEED AND COLLLCTIVE
PITCH - AT NORMAL ROTOR SPEED AHD -6 DEGREE SHAFT ANGLE - BASELINE
CONFIGURATION

TN

- o

B D LI X

[

I AR b L 4

o Wit e Sa G

i AR

o e et 1 .. .

A e WL

T AT TR R AT




60

ROTOR SPEED CoLl. PITCH GHAFT HHGLE
RPH CRAD/GECY  DEG {RAD? DES CRAD) ;

: g, g Ny 8 2.0 B.B52 -&.R -8, tu3 ;

iy SR yy g §.g i, 573 ~8.0 -B 148

Z R uy g 5.4 .Ha7 -8.8 ~H. 148

i Lyzs g -y L. 5.193 -3 -0.i93 3

i 43T g Ly q.d 2. pud -8.B - 14

X 4Z58 wit g 9.4 8,157 ~i.0 -3, fug

; 425 .8 uy g i.a g.17% -8.4 -B. ihd
~ SHAF? ANGLE = -8° 3
ot k
i
i :
~ 127 ;
fr |t 107
« 17 :
S 2.7 =3 [
3 A e 3
2 3 T §
n. Heeo H i
e g -
oy o 5 + H .

.,..-9-—"'-""-"‘___ ._‘ .
by yl 4 —~=+ e i
i F- da \ b o
o T - * ¥ 5
5_- R [ st e e 1} ¥
' e 3e B
2 . E:
L) B+ ¢ t +— $ ¥ + + ~+ + -4 _ X
x 24 LR &a P& (51 i 22 4 19515 il E
W RIRGPEED C(KNOTRD . ?
g - 20 3R £n 62

FIRSPEED (METERS/SEC)

FIGURE 8.3 FORWARD FLIGHT - FIXED SYSTEM DAMPING VS AIRSPEED AND COLLECTIVE
PYTCH -~ AT NORMAL ROTOR SPERD AND -8 T0O -12 DECREFL SiAFT ANGLE -
BASELINE COMPIGURATION (SHRET } CF 3)

+




[
n

w!‘

SYETEM DRMPING (X CRITICHL)

FiXED

FIGURE 8.3

FUTIOR SPEED CELL., PITCH EHAFT RHBLE
RFH Lt RAR/SFEC) BEG CRED ) 2] LHRAD 2
A YZ5 .8 H4y.5 7.8 8.127 ~1a.d -, 178
a Iy .U Ly £ .8 g.143 =-15.8 -5 17TE
< H25.0 ey 9.8 B.i%7 -18.8 -8 7%
[+} e L ] My 5 id. g a.i11= -3, 8 ~g. 175
SHAFT.ANGLE = =~10°
ge 6 5 = 10°
NN
B g-4'9°
-ﬁ‘\'h
H‘"“““.?n
B 20 L 62 2[%) |28 128 T 159 N:E
HIRSFEEED (KNOT5)
o 2 up 58 ag

RIRLGPEED (METERG/ZEC)

FORWARD FLIGHT - FIXED SYSTEM DAMPING VS AIRSPEED AND COLLECTIVE
PITCH - AT NORMAL ROTQR SPEED AHD -8 TO -12 DEGREE SHAFT ANGLE -
BASELINE CONFIGURATICON (SHEET 2 OF 3)

ey

T Y

,.\_‘,.

B Y PN I



591

cim

®OTOR BPEED ert, PIved EHAFY ANGEL

®PH (RED/EECY  DEG CHAD Y DER CRED )
L. 8 qy. g 9B B.157 ~12.8 -B.FE3
uysg.p Wy g 14,8 g, 195 -iz.8 -, 257
4FT @ iy Fi.H €.152 ~12.8 ~@, 358

Ca
o
T
¥
iy SUAFT ANGLE = =129
[y i+
3

(55
s a
s B} ]
=z 74 6 =10
¥ gl
o Lt ~5 11
I M |
L
= it go
n

i}
a g4 b + + # L3 4~ 4 + ¢ 4
w | 20 LE L3 g4 1ga | 26 1 {BA 2143
o AIRSPEED C(KNOTS)

4 2 4a e

FIGURE 8.3

=)
AIRSPFEED (HETERS/SEC)

FORWARD FLIGHT - FIXED SYSTEM DAMPING VS AIRSPEED AND COLLECTIVE
PITCH - AT MORMAL RCTOR SPEED AND -8 TC -12 DEGRER SHAFT ANGLE
BASELINE CONFICURATION (SHEET 3 OF 3)

R |

2y

AV A L A B 1 14 b L

-y

STy ﬁwﬁ Stk i vt Rl A

i e R

2

L A AT L LAt ST G K T e

FRE P

-

¢ 7 rory




ROTOR GHEED CaLL. PITR SHAFT BNGLE
RFY L{HBD/SEQ) [VERS CRiID Y pEG CERD)
n H25. R 44,85 3.4 a_pxd -1.8 -0, U
™ A ] uy 5 H.R 8,878 «3.8 - . 4
2 Y25 R Hy LT .8 a7 ~8.# ~H, {4
N + 4z, a us.g B8 g, iEs -2 U Lo O
H e P ] Hiy B B2 K. {ia -5 .9 =B, 1
-4 P | b 0.9 H. 187 ~i. 8 ~5. U
| yas. b b - 10,8 g.17% -&.8 3. 144
SHART ANGLE = -B°
~
o
i HT
L
Lt
3 8 . = 3°
o 3“ o? E
3
.
i " 50
m 2‘" i 40 » ﬂ"'z-’.‘
| " i N
4 # /
i 62
xI + &
- -‘-""_-l-—w_-ﬂ" 80
I : ey H.,-.—-—-"_MH
o H g 3
Ll |+=10° g°
=
- g+ * # y N 4 — fhar 4 + 4
L (%] 2R L 71| a4 LER t22 (R 154 163 1
RIRSFEED (ENOTSS
8 2R ' i 3

FIGURE 8.4

4o B
AIRSPEED (HMETERS/GECS

FORWARD FLIGHT - TIME TO {IALF AMPLITUDE VS AIRSPEED AND

COLLECTIVE PITCH - AT NORMAL ROTOR SPEED AND -8 TO -12
DEGREE SHAFT ANGLE - BASELINE CONFIGURATICN (SUERT i OF 3)




851

BOTOR SEEED <OLL. PITEH SHETT BUGLE
RPN (RAD/SECY DEG {RAD) oEs CRAD Y

§ yoe. g Yy, § 7.9 B.122 ~13.0 ~F. 17

B Yo Wi E 8.8 LT -1#.@ -0.17%%

c ] N oH g.157 ~1g.8 ~7.17%

o Y2s . E g2 B.i7g -~lg.8 -n.175
-~ SHAFT ANGLE = -12°
s .
1. L .
n
L)
Ll
g
- 37
) - 1°
& 9 1
| J/’
L,
~d 80 e - ‘30
T
X 5 ﬂ‘,/
o I Binesdl Sy ..
- 190
w
=
. By 20 R = o] T 129 fup 160 i

AIRSIFEED (HNOTS)
8 21 i 1] :F)

FIGURE 8.4

| {533
AIRGPEED (METERS/ZEC)D

FORWARD FLIGHT - TIME TO IIALF AMPLITUDE VS AIRSPEED AND
COLLECTIVE PITCH - AT NORMAL ROTOR SPEFD AND -3 TO -~12
DEGREE SHAFT ANCGLE - BASELINE CONFIGURATION {(SHEET 2 OF 3}

T e

N A S R A St S

A
3
&




BRTOR SPEED CoLL, PITCH GHREFT ARBLE

o] {RHD/SED) LEG - CHAb) BER L{HED)

7 . .8 B.157 -12.8  -%,E03

F e e kR A173 -13.8  -@.Z¥3
5 YIS | Mg ] g.i52 ~1Z.0 -4.349
~y
w SHAFT ANGLE = -12°
1d Y
[§1]
Ld
3
i- EH
- a
I z 9
& ] .-]
R /
LL. -3
= 3
2 Jégf’l
= -‘"Ef o
a T o pog—— 10
i_
1.'[
z L I £ i 1
- g 22 s 50 £d {58 i 28 B 153
RIRGPEED (gNOTE)D
) 33 ua £ an

PIGURD 8.4

RIRSPEED (METERG/SEC)

FORWARD FLIGUT - TIME TO HALF AMPLITUDE VS ATRSPEED AND
COLLECTIVE PITCH - AT HORMAL ROTOR SPERD AND -§ TO =12
DECGREE SHAT'T ANGLE - BASELINE CONFIGURATION [SHEET 31 OF 3)




091

16 - 0 =0
"3F 14 = ' &\xA 14 05
SHAFT ANGLE B D
— ~12 -i-4
A~ A 3 2
s a N a --.10
10 | , -6 = ~
8] O ’ < =
& .15 & o o
H =+ g k- b 3 41 = -
i £ AN 4 ~4—-10 &
S > o} £ £
=
Sk Db Y~o—" T2 “
o 2 COLLECTIVE PITCH 0 0
. ..‘11 . —=.20
= =4 —~-12
3 o
951
2 L., -—14 L _.25
'0_ o L & i i 1 1 ! 1 1 3 =16
ly; 20 40 00 80 106 120 140 160
AIRSPEED (KNOTS)
Y L g 1 |
0 20 4G 60 80
AIRSPEED (IETERS/EEC)
FIGURE 8.5 TRIM VALUES FOR ZHAFT ANGLE AND COLLECTIVE PITCH POR
1.0G LEVEL PLIGHT AT 425 RiM
N
hY



191

’”-

{RAD)

PYTCH

COLLECTIVE

16
.25 L
14
12
.20

O 10

4

[

J15 L~
w 4]

o

5
d0p o, ©

i
O 4

i

os b 4

el
O 2

0

L 0

FLIGHT CONRITION: LIFT = 5000 LB
P, = 9 ppé
E
{(1iUB AND RTA TARES REMOVED)
TERQ FLAPPING - —n
=2
d -.05
SHAFT ANGLE 7_4
a
6 & -1--10
£h]
o
38 2 _i-.1s
>
—-10 2
7S
d-.20
COLLECTIVE PITCH -4-12
. . |
I
.1 1 i ' 1 § 1 I ;] =16
] 2 40 60 a0 i00 120 149 160
ATRSPEED (KNQTS)
H 1 i 1 ]
0 20 40 & BG
E

FIGURE 8.5

IRSPEED (METERS/SE

INTERPOLATED TRIM VALUES FOR SHAFT ANGLE AND (COLLECTIVE

PITCH FOR 5000 LB LIFT AND BODY P

CYCLIC FOR

ZERG TLAPPING -

E

= 9.0 o9 PT WITH

SHAFT ARHGLE {RAD)

e (;‘“'(h.d

T e T i 42




[4°20

LI = 5000 LB
FE = 9 S0 F7T

~ RTA AND IIUB TARES BRFEMOVED
|
oo
LW
= 127
ooy
ot
h B-l.
ta B+
=
ML x
;-1-;. BT }(/
[ LS o /
= Y+ /
1N} x
53T
G

!--
o B+ b ' . { - + t + = J
b B z2n 40 (HY] £a 133 128 B 168 1eo
N BIRSPEED C(KNOGTS)

@ G re En BA
AIRSPELD (METERS/SEC)

FICURE 8.7 INTERPOLATED DAMPIRG ¥S AIRSPEED TOR 5080 LB LIFT MD T, = 9 SO FD -

NORMAL ROTOR SPEED - BASELINE CONFIGURATION E




[psieis tusd R

LT

%-‘.4‘-‘,"_:“-' Sy

8.1.1.2 Damping Versus Collective Pitch and Rotor Speed
8.1.1.2.1 Initial Hover Stability Results

Initial testing consisted of hover testing for a collective
pitch ¢f 4 degrees for a rotor speed vaviation from 350 to 436
rpm. Collective pitch sweeps were then made at 350, 375, 400,
415, and 425 pm. Fixed gystem damping data and time to half
amplitude for these initial test conditions are shown in Fig-
ures 8.8 and 8.9, respectively. Figure 8.8 shows that fixed
system damping generally decreases with increesing rotor speed
at constant collective pitch and increases with collective
pitch for a constant rotor speed. At cnlilective pitch values
of 4, 6, and 8 degrees, a slight reduction in damping is seen
at the 415 rpm rotor speed. This is the rotor speed where a
coalescence of the rotor regressing chord mode .o -lency with

the body pitch mode frequency is expected to occu-

A significant amount of data scatter is indicated in Figures
8.8 and 8.9. An improved trim procedure was developed, and
additional hover test data were obtained using this improved

procedure,

6.1-1.2.2 Hover Stability Results with Nonzero Cyclic Inputs
Figures 8.10 and 8.11 show fixed system damping levels and time
to half amplitude for haover with nonzero longitudinal and late
eral cyclic pitch inputs in an effort to trim out nominal one
per rev flapping. Results ‘are shown for rotor speeds from 378

to 437 rem and for collective pitch walues from 4 to 10 de-
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grees. Results are similar %o those obtained from initial

hover testing. The rotor speed range bstween 400 and 425 rpm
was studied in more detail, but no specific indication of re-
duced damping near 415 rpm was indicated with the nonzero

cyclic inputs.

8,1.1.2.3 summary of Hover Stability Resulis

Figures 8.12 and 8.13 show summaries of hover damping data and
time to nalf amplituds data for rotor speeds of 350, 275, 400,
425 and 437 rpm and for collective pitch values of from.o to 1l
degrees. Hover data for both initial hover testing and hover
testing with nonzero cyclic inputs were averaged to obtain

hover summary data presented in Fiqures 8.12 and 8.13.

8.1.1.2.4 Stability at 20 Kuots

Fioures 8.14 through 8.17 show damping and time to half ampli-
tude data for rotor speeds of 335, 400 and 425 rpa for collec-
tive pitch values from 2 to 10 dagrees and for shaft angles of
-6 and -8 degrees. Damnping and time to half amplitude deta are
similar at shaft angles of -6 and -8 degrees. Duta at 90 knots
are similar to hover data (Figures 8.12 and 8.13) at the same

rotor speed and colliective pitch values.

8.1.1.3 Effects of Shaft Angle
Figures 8.18 through 8.21 present damping and time to half am-
plitude data versus collective pitch and shaft angle at 60, 90,

and 120 knots. Data are showa at 90 knots for rotor speeds of

le4
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335, 400 and 425 rpm while data at 60 and 120 knots are for 425
rpm.- Data are shown for shaft angles of ~6 and -3 degrees for
collective pitch values ranging from 2 to 9 degrees. Although
danmping does not appear to be very sensitive to shaft angle,
the most domiranit trend with shaft angl. variaticn from -6 to
-8 degrees is a slight decrease in damping levels (zlight in-
¢rease in time to half amplitude). These changes are generaily
near the data scatter level (estimated to be about plus or

minug one half percent critical damping).

8.1.1.4 Effects of Coenfiguration Changes

8.1.1.4.1 Effects of Varying Contrcl Stiffness

Analyt cal and experimental studies have indicated that a de~
crease in control system stiffness would increase aervelastic
stahility mode damping fReferences 3 and 12). The test plan
called for installing a pitch link with softer axial stifiness
to reduce the teotal control system stiffness so that the effect
of control system stiffness on the BMR aeroelastic stability
mode damping could be deﬁermined. As discussed in Section
3.1.5 of this report, experimental evaluation cof the baseline
and ‘sort" pitch link stiffnesse. indicated that an 11 percent
reduction of total control system stiffness (i.e., blade root
end support total torsicnal stiffness) had heen achieved; the
total contrel svstem stiffnuss had been reduced from 56,680 to

50,700 in~lb/rad.
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Figures 8.22Z to 8.27 ghow comparisons of dawping and time to
half amplitude data obtained with the bassline and soft pitch
linke; these data were chtained with the Amez 40-by-B0 foot
wind tunnel balanse dampers removed (sce discussion of effects
of removing palance dampars in sectien #.1.1.7). Figures 8.22
and 8.23 show stebility data for hever; data are shown for
rotor speéds cf 375, 400, aund 425 rpm and collective pitch
values of 4, S, and 8 degrees. At 375, and 400 rpm, the soft
pitch link configuration appears to be significantly less
stable, while at 425 rpm, zssentially no difference in stabil-

ity iy indicated.

Figqures 8.24 and 8.25 show stability data at 90 kneots versus
rotor speed at 4 degrees ccollective pitch and a shaft angle of
-8 degress. Generally very little difference is indicated by
stability levels in Figures 8.24 and 8.2%; with perheps a
slightly lower damping level indicated for the soft pitch link
configuration (i.e.,. the oppoesite of the trend indicated in
hever). Figures B.26 and 8.27 show stability data at 99 knots
versus collective pitch at 425 rpm for a shaft angle of -4
degrees. As in Figures 8.24 and 8.25, the stability level

appears to be lower for the soft pitch link configuration.

Panping in hover at 375 and 400 rpm appeared to be significant-

ly increased by reducing control system stiffaess Althouga

increased doarmping due to reduced centrol system stiffness was .

nect coenfirmed by stability data at 20 knots, hover resultc are
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encouraging. Additional tests are recommendzd where the tor-
.Bional stiffness at the root end of the rotor bladg is reduced

to approximately 70 percent of the baceline.

8.1.1.4.2 Effect of Blade Structural Damping

The effects of adding elastomeric damring strips to the BMR
open gection "¢ beams are shown in Figures £.28 through 8.3S.
Figures 8.28 and 8.29 show stability data versus rotor speed
for hover at 4 degrees collective pitch., Fixed system damping
ratios are increased by about 1.5 percent critical betwaesn 375
and 425 rpm; time to half amplitude is decrazased by about 0.7
seconds at 425 rpam. Figures 8.30 and 8.31 show damping data
versus collective pitch at 425 rpm. Damping increases by near-
ly 2 and 4 percent at 4 and 8 degrecs collective pitch, res-
pectively, with the damping strips added. Figure 8.31 shows
that time to half amplitude is decreased by 0.7 seconds at 4
degrees collective pitch and by lesser amounts at higher col-
lective pitch values at 425 rpm in hover. Figures 8.32 through
8.35 show effects of added blade  structural damping versus
rotor speed at 90 knots for shafr angles of -6 and -8 degrees.
At 425 rpm, the damping level is increased by about 1.0 angd 1.5
percent critical at -6 and -8 dejree shaft angles, respective-
ly; damping 1is increased by larger amounts at lower rotor
speeds. Time to half amplitude is decreased by about 0.7

seconds.
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Adding the beam damper strips increased the first chord mode
fraquency slightly in additicn to adding chord mode damping.
Approximate fregquancy changes were obtained from the moving
block spectral analysis freguencies. In addition, non-rotating
cherd mode natural freguency and damping tests were performed
at Boeing vertol after the BMR Amas wingé tunnel test. Noa-ro-
tating decay test results with beam damper strips are compared
with earlier Boeing Vertel BMR chord mode ncn-rotating damping
results in Figures 8.36. For a 1.5 inch tip amplitude the chord
mode damping ratio is 2.4 percent with beam dZamping strips
added compared %o 1.2 percent critical for the baseline.
Figure 8.37 chowe first chord mode fregquency from moving bleck
spectral analysis of Leam chord bending data during the BMR
Ames wind tunnel test and from Boeing Vertol non-rotating first
chord mode decay tests. Frequency data for the baseline for
rotating conditions are based on time histories of decays of
chord bending data from Bosing Vertol whirl tower tests. The
first chord mode fregquency is seen to increase by about 0.3 Az

{about .04/Rev} at 425 rpm with the damper strips added.

8.1.1.5 Effect of Removing RBalance Dampers

The wind tunnsl balance dampers were removed to determine the
effect on asrpelastic stability of che BMR/KFTA. Figqures 8.38
through 8.43 show effects of removing palance dampers in hover
and at 90 knots. Figqures 8.38 and 8.32 show hover stability
data versus rotor speed at 4, &, and 3 Jdegrees collacuive pitch

with and witheut balance danmpers. The difference in stability

et ki e b i ok - i
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lavels appear to be due to data scstter. Figures 8.40 and 8.41
show the effects of resoving balance dampers on stabllity ver-
sus rotor spoed at S0 koots at 4 Jegrees collective pitch.
Figures B8.42 and §.43 show the effect of removing balance
dagpers on damping versus collective pitch at 425 rpa at 90
knots. Stébility results in Figures 8.40 through 8.43 indicate
ever, pore strongly than hover date that no significant change
in BMR/RTA eeroelagtic stability occurred wue to removal of the

wind tunhel balance dampers.

8.1.1.8 Effects of Excitation Amplitude

The effect of excit;tion amplitude on the magnitude of aero-
elastic stability levels determined from the test was checked,
and results are presented in Figure 8.44. <Cyclic excitation
levels were input 1in terms cf counts whare 500 counls corre-
sponds to approximately .75 degreass of cyclic excitatioch. Re-
sulits for damping levels arae shown in Figure 8.44 for the hase-
line eonfiguration in hover at & degrees ccollective pitch and
375 rpa and for the "soft" pitch link, bhalance dampers off Eonﬁ
figuration at 4 degrees collective pitch and 425 rmpm. These
results indicate that the damping levels cohtainzd from the test
are not very sensitive to excitation magnitude for excitation
levels above 100 counts. Typical excitation levels‘were 125

counts during stability testing.
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8.1.1.7 Effects of Trim Values of Cyclic Pitch

The effect on stability of varying the longitudinal and lateral
cyclic trim walues by magnitudss of the corder of 11.0 degree
was determined and results are presented in Figures B.45 and
8.46 for hover. TFigure B.45 chows no gsnsral tyrend for damping
as brim values of lateral and longitudinal cyelic pitch are
varied. Figure 8.406 shows damping versus resultent trim value
of lateral ard longitudinal cyclic pitch; =a2gain, no genersl

trend of damping with cyelic pitch amplitude is indicated,

B.1.2 Correlatipn with Analysis

As discussed previously. analvses wers conducted using Vertonl's
£-90 computer program to predict damping levels to be expacted
while testing the DMR/RATA in the Ames 40-by-80 foot wind tun~
nel. Cowparisons of predicted stability levels and measured
stebility levels cbtained during the BMR/RTA tests are presen-

ted below.

8.1.2.1 Hover « Predicted and Test Values of Damping Versus
Rotor Speed and Collective Pitch

Figqure B.47 shows a comparison of predicted znd test values of
damping in hover for rotor speeds from 350 to 437 rpm and for
cellective pitch values frem € to 11 degreses. The gualitative
comparisons of these predicted and test results is generally
gcod: both show increasing damping levels with increasing col-
lective pitch and decreasing damping levels with increasing

rotor speed. The guantitative comparisons are also generally
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very geod, particularly at 425 rpm and at the lowest values of
collective pitch tested (where the lowest values of damping

ware obtained).

8.1.2.2 Forward Flight Tes=t and Prediction Comparigson
8.1.2.2.1 Test and Prediction Cowparison for Stability at 90
Knots

Figure B.48 shows test and prediction results for damping ver-
Bus rotor speed and collective pitch at 90 knots for a shaft
argle of -6 degrees. Data are shown for collective pitch val~
ues from 0 to 10 degrees for predicted results and for 2 to 9
degrees for test results. Qualitative trends for both test and
predicted resulits are generally similar to those secen in hover
with dawping increasing with increasing collective pitch and
decreasing with increasing rotor speed. Predicted damping
levels are generally in gocod agreerent with test risults at 2
degrees cnllective pitch; hovever, predicted darping levels of
90 knots increase more rapidly with collective pitch than.test
results. At B degrees collective pitch and 335 rpm, predicted
damping is about 5 percent of critical damping above test re-
sults. At 8 degrees collective and 425 rpm, predicted damping

is about 3 percent of critical above the test level.

8.1.2.2.2 Predicted and Test Damping Versus Airspeed and Col-
lective Pitch at -& Degree Shaft Angle
Figure 8.49 shows predictad and test leveis of damping versus

airspeed and collective pitch at & -6 degree shaft angle and
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425 rpm rotor speed {(hover test points are for a =10 degres
shaft angle}. Test data are shown for collective pitch values
frem 3 to 10 degrees and for airspeeds from 0 to 120 knots.
Predicted resuits ave shown for collective pitch values of 4
andd & dagrees for airspeeds f£rom 0 to 180 knots. This predic-

tion/test conparison indicates:

1} Prediction ancd test values for dapping are in resson~
able agreemeni between 0 and 90 Jneots at 4 degrees
collective pitch.

2) Between O and 90 knots the trend of damping with air-
speed is similar for predicted &nd test results, but
predictad damping levels increase pare rapidly with

collsctive pitch.

3) Test results show a decrease in dawping level with
increasing airspeed at constant collective pitch
above S0 knots, while predicted Jdamping levels show
danmping increasing with airspeed above 90 knots for

constant collective pitch values.

8.1.2.2.3 Predicied and Test Dampilng Versus Airspeed fer 1.0 G
Level Flight

Figure 8.50 shows a compariscn of predicted and test values of
damping versus airspeed at 1.0 G level Zlight. <Test values are

for a 4500 pound lift and 9 sguare feet flat plata drag area
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obtained in & manner identical to that used to get the results
shovn in Fiqure 8.7. Siwilar trim valuves were used to obtain
predicted values for damping from Figure 6.12 which shows damp-
ing wversus airspeed and shaft angle for 4500 pounds thrust at
425 rpm. The compsrizon in Figure 8.5%0 indicates that pre-
dicted and test levels of damping ~re in fair agreement for
hover. As airspeed increases, both test and predicted wvalues
of damping decrease,'but the test value decreases more rapidly.
Between 60 and 120 knots, both test and predicted damping
levels increase, butlthe predicted danping level increases morxe
rapidly with airspeed than the test level of damping. At 120
knots, the test level of damping is approrimately 6 percent of
critical while the predicted level is approximately 12 percent

of critical damping.

3.1.2.3 Effect of First Chord Mode Structural Dawmping on Test
and Predicted Stability

Figures 8.51 and 8.52 shows the incremental increase in £ixed
system dampiang for a one persent increase in first chord mode
structural damping in hovsr at 425 rpm rotor speed versus col-
lective pitch. Figure 8.51 shows test and theoretical damping
versus first chord mode structural damping at fixed collective
pitch and rotor speed. The sloper of these curves are plotted
in Figure £.52. Test and predicted levels are in good agree-
ment.,, and hoth show a sensitivity to cellective pitch. Gener-

ally, about a 2 percent increase in fixed system damping is
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Lt

irdicated for a 1 percent increase in first chord mode damping
in hover at 425 rpm for collective pitch values from 0 to 6

degrees.

8.1.3 Correlation of BMR/RTA Stability Test Data with Other
BMR Stability Test Data

8.1.3.1 Comparison of BMR/RTA Stability Data with Stability
Data from Boeing Vertol BMR Whirl Tower Tesn.s

Figures 8.53 and 8.54 coumpare BMR/RTA hover stability data with
BMR whirl tower stability data obtained from Boeing Vertol
tests. Figure #.53 shows damping levels wversus collective
pitch from 2zero to 8 degrees at 425 rpm; Ames test data are
near the bottom of scatter of whirl tower test data. Figure
8.54 shows data versus rotcy speed f{rom 350 to 420 ypm for
whirl tower data and for 350 to 425 rpm for BMR/RTA wind tunnel
data. Wwhirl tower data are shown at 0 and 8 degrees collective
pitch. Wind tunnel data are shown: at 0 and 2 degrees collec-~
tive pitch at 350 rpm; at 350, 375, $00, and 425 rpm at 4 and 6
degrees c¢ollective pitch; and at 375, 400, and 425 rpm at 8
degrees collective pitch. BMR whirl <tewer and BMR/RTA test
darping data are general.y in agreement at 8 degrees collective
pitch. At 350 rya, whirl tower test data at 8 degrees appears
to be low compared te what would have been expected from the
wind tunnel test. Wwhirl tower damping data at 0 degrees col-
lective pitch appears ¢ be in agreement with BMR/RTA damping

data obtained a% low collective pitch values.
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8.1.3.2 Comparison of BMR/RTA Hover Damping Data with Damping
Data Cbhtained from BMR/BO-105 Ground Rasonance Tzst Data

Figures 8.55 and 8.56 show & limited comparison of B¥R/RTA
hover stability data with ground resonance damping data ob-
tained when the BMR was tested on & B0=-105 aircraft. Figure
B.25 compares damping versus collective pitch for ground rescn-
ance tests at 425 rpm.  BMR/BO-109% datz are sihwwn for the BMR
on the BO-10% with its standard landing gear and for the BMR on
the BO=-105 with a slightly stiffened landing gear. These re-
sults are for ground resonance, tests on a concrete surface.
Comparison of BMR/RTA hover damping and BMR/DO-105 ground rew
sonance dawping indicates that the BEMR/RTA generally shows the
level of damping and the trend with gollective pitch indicated
for the BMR/BO-105 2t normal rotor speed on concrete. There
are some variaticns from the general trend of damping Versus
collective pitch seen in the BMR/BO-105 damping data but not
seen in the BMR/RTA data. For example, note the dip in damping
versus collective pitch seen just below 4 degrees collective
pitch for the unstiffened gear and at just above 4 degrees
collective pitch for the stiffened gear. These "dips" in damp-~
ing at certain collective pitch wvalues might be due to coznlesc-
ing of the.lead-lag regressing freguency with a body mode fre-
gquency for the BMR/BO-105. Fizure B.56 shows a comparison of
BMR/RTA hover damping data and =MR/B0O-105 greound resonance
damping data at a BH&/RTA roter speed of 400 rpm and a BM2/BO-
105 rotor speed of 404 rpm; again the BMR/RTA ltest results

agree with the geperal resultse for the BiR/B0-105 except at a
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collective pitch near 4 degrees. Again a reduction in damping

for the BER/BO-1065 is indicated over a narrow rangsz of collec-

tive pitch values near 4 degrees. The BNR/BO-105 resvlts are
for the RBO-105 on turf with the stiffened landing geax. The
range i data for the BVR/BRO-105 test data between 4 and 6
degrees collective pitch is attributed to variations in ths
BMR/BO~105 trim condition and the degree of contact batween the

BO-105 landing gear and the ground.

These results indicate the BMR/RTA data are useful for indica-
ting the inhersnt level of damping available from the rotor
when no potential for ¢oupled rotor/body mode instability
exists. Stability testing on the RTA in the Ames 40-by-B0 wiﬁd
tunnel would be useful for determining inherent rotor damping
lavels apd for evalnating rotor configuration variations for

impreving stability.

8.1.3.3 Comparison of BMR/RTA and BMR/BO-105 Damping Dava
Versus Airspeed for 1.0 5 Level Flight |

Figure B8.57 shows a cemparison of estimated BMR/RTA test darp-
ing versus airspeed for level flight trim conditions at 425 rpm
with corresponding data obtained in the BMR/B0O-105 flight test~
ing. I MR/RTA damping data are siightly higher 2t 0 and 60
knots; BMR/RTA data are within the BMR/B0-105 scatter band at
93 and 111 knots. These results support the conclusion of the
previous section that the BMR/RTA tests indicate the inherent

level of rotor damping available when no tendency toward insta-

. b}
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bility exists. MNo tendency toward an instability (i.e., a re=-
duction in damping due to coalescence of a boedy mode fvequency
with the lead-lag regressing freguency) was indicated during
BFR/EO-105 hover and forward flight testing over 2 wide range
of rotor speeds and rates of climb and degcent (e wide range of

collestive pitch values) including autorotations.
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8.2 LOADS

8.2.1 Definition of Critical Leoad Parametexs

Loads hawve been evaluatzd on the basis of measured data from

blade and individual Dbeam instrumentation, torque tube chord

and torsion bridges, and pitch link axial loading. Torgue tube

flapping values were relativelv low throughout the test and are

not presented since torgue tube chord bending was sigrnaficantly
more critical. Pitch contrcl corponen. neasursments {(actuateoxrs,
stationary control rods and swashplate gages} were also rela-

tively leow throughout the test and therafore only pitch link

loads are presented in this repart.

As determined by the measured lozds from the test comparecd to
the endurance limit, the critical parameters wvere flexbeanm flap
bending and torgue tube chord bending in the vibratoryv mode.
During envelcpe expansicn, peak loading was critical for flap
and chord bending at the ouitboard end of the beam 2nd blade root
flap bending. Stability testing was limitoed by pea torque tube
cnord bending was critical for low collective sethings. During
dynamic excitations, fatiqgue endurance limits wers momentarily
exceeded in the chord bending rode. Inboard {lexbeam sections
were moré critical than outboard sections and the blade root
section was even less critical. Blade root torsion steady plus
alrternating appreached the linmit load cut--off during the <wo
runs intended to achieve the mazimum possible airspesd (runs 18
ard 23). The cut~cff for blade torsicn was established on the

basis of marimum loads applied during bench testing. Loading



e

to a higher level would have established a higher cut-off. 1In

this respect, the flexbeam limits are more critical.

Data presented in the lecad trends section {8.2.2) are based on
test results obtained with the baseline configuration with
balance dampers in place. Configuration variations and the ef-
fect: of removing the balance dampers are discussed in later
sectiong. Alrcraft attitudes, control asettings, and fixed
systen measurenents have been obtained from the static file.
All vibratory load levels shown use the smoothed data as op-
posed te the raw test data. This insures that only pefiodic
forces and/or motions are considered in assessing load trends,
configuration changes (parameter variations), and correlation

with flight testing.
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8.2.," Load Trends

8.2 4.1 Vibratory Loads in Hover ,
For hover testing in the wind tunnel, the rotor shaft wasg tilt-

ed nose down to a =10 dejree shaft angle vo ninimize the effect.
of recirculation within the tunnel section. Since it is not
possible to completely eliminate recirculation effacts, there

are variations in tunnel flow which would reguire a comtinuous

fine adjustment in cyclic to maintain minimum 1l/rev flapping.

while an automated flight contrel system can cope with such 2
requirement, the manual console adjustment 1s a relatively

coarse adjustment when conmpared with an autcmated system.

Coupling the control adjustment capability with the inherent
sengitivity of the hingeless rotor to variations in airleoading

does not centribute to 4qood repeatability for hover results.

The variations of flap and chord bending moments displayed kelow

illustrate the high degree of sensitivity to control adjustments
for the hover test conditicn.
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Due to the previously discussed sensitivity, the differences in

shaft attitude between the wind tunnel and the airéraft, and

main te tail roter interactions, no attempt has been made to

correlate

wind tunnel data with flight test results in the

hover mode.

With respect to trends in the hover wmode, the potential for ne

cyclic trim effects being as significant as diffarences between

two points dus to a change in a test contrel variakle (such as
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colléctive, shaft angle, or rotor speed} precluded anv attempt

to define load trends in the hover condition.

8.2.2.2 Blade Load Trends

Figures 8.58 through 8,61 present blade flap noments as a func-
tion of airspeed for a constant shaft angle and collective set-
ting. Both midspan and root sections show the expected puild-~
up in vibratory moments at higher airspeseds. Root section mo-
ments indicate a build-up in magnitude in the transitional
speed range {20 to 60 hnots). Steady midspan £flap moments
trend from flap up to flap down with increasing airspeed while
steady flzp moments at thé blade root. section are flap down
throughout the speed range from 0 to 143 knots with a flap down

moment trend at the higher airspeeds.

Blade flap bending moments as a function of collective are pre-~
sented for tha test range of airspeeds in Figures 8.62 through
8.65., Vibratory flap momenis are most censitive to collective
variation at 60 knots. The trend of éacreasing vibratory flap
moments with increasing collective at constant rpm and shaft
angle for the blade root evidenced by the 120 knot data is not
in agreement Wwith the expected trend or the other measure;d flap
bending moments. Steady flap wmoments show a trend of linear
increa_.sing.upward flapping with collective at constant rpm and
shaft angle as erpectad. Blade flap bending at station 55 evi-

denced significant variation in the magnitude of the 4/rev

232



content as collective changed while thie lst, 2Znd and 3rd har~
monics showed little change with collective at 143 hnots. This
lack of a definite trend at this airspeed (Fiqure 8.64) is the

result of significant variations in the magnitude of the 4/rev :

component.

As a function of shaft angle at constant rom and gollective, ;
vibratory flap moments show a slightly greater than linear

trend to increasing walues as the shaft angle becoms=s more pos-

itive (nose-up for the RTA). Blade rcot secticn flapping does

not follew this general trend at higher airspeeds {(12C and 143

knots). At these airspeeds, the effect of shaft angle was not

seen because the rotor was generally tested to 1ift levels below

3500 pounds, considerably less than the lifts of 5300 pounds at

20 and 90 knots. Figure 8.66 through 8.69 present blade flap

moments as a function of shaft angle.

within the oneraiing range of rotor speed no significant effecte
of rotor gpeed were observed. In hover, considerable variation
in vibratory load measurement was realized as a result of tunnel
recirculation effects. When plotted as a function of rotor
speed, considerable variations in blade root flapping are evi-

dent which were not cobzesved with tunn.i ¥g'.

Figures 8.70 through B8.732 present chord bending as a function

of airspeed at constant rpm, cellectives and shaft angle.
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Vibratory chord bending at both midspan and the root section
show a signficantly higher level in the intermediate speed rénge
{40 to 8C kuotp) with relatively low values at hover and 143
knots. The higher levels are not limiting since vaiues are
well within the chord rending endurance limits of £8300 and
£9400 inch-pounds for the nidspan and root sections, respec-
tively. Steady chord bending moments are relatively constant
with leading edge compressicn at midspan and leading edge ten-

sion at the root.

Blade chord bending moments as a function of collective at con-~
stant rpm and collective are presented in Figures 8.74 through
8.77. Above .rotor thrust levels of 2000 pounds, vibratory
chord bending monents exhibit a relatively rapid build-up with
increasing collective., Eelow 2000 pounds rotor thrust, chord
moments shew a trend to higher vibratory levels with lower col-
lective. This low ceollective trend is rather shallow for the
test data. Steady chord bending moments for the midspan sec-
tion show little variation indicating a low seansitivity to air-
speed or shatt angle effects., At the blade rcot section, the
effects of shaft angle and.airspeed ara shown by the spread

between the varicus combinations plotted.

Figures 8.78 through #£.81 present blade chord bending as a
function of shaft ang.e at constant rpnm and collective, Vibra-
tory chord moments increase with more positive shaft angle.

Midspan section steady chord bending is relatively insensitive
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to shaft angle. At the bhlade root secijon, there appears to be
a conbined effect of collective and shaft angle which gives an

increasingly more positive chord moment at 143 knots.

No significant effects of rotor speed were observed within the
operating rangs. During start-up and shutdown of the rotor, a

crossing of the first clicrdwise wode 2t .pprorimataly 2560 rotor

Irpm resulted in a momentary build-up ,of chord bending moments.

Figures 2.82 and 8.83 ghow the variation in blade root torgue
as a function of collective. Load changes are gralual and it
can be seen that for the vibratory loads there iz & much‘mere
pronounced effect with airspeed than with cellective. Trends
with shaft ancole are very gradual also as shown in Figures 8.84

and B.BS,




™
Ll

BLADZ FB 110 (iN-LB)

VIg,

§ 1Eng?

BME IN BHES 48-BY-EBR HIND TUNNEL
YIBIRTIORY ELADE FLRP BENDIKG 118 YE. RIREPEER

B2 RPH
B DEG., cOll.
S5HHFT RHbOLE= ~iB DEB.

L EpEt /
b4

]
| —x
. "
L oMRET
i
|
| !
. EDEt

Blf ¥ ¥ $ 3+ 3 3 & $ + %

4 28 1) &5a Py 5] t23 K44 5t e 233

FIRSPEED LRNOTS?
FIGURE 8.58  VIBRATORY FLAP BEHDING 110 VEREUS AIRSFEED

T s e e



I3 CIH-LBD

LEZ

STEALY ELEDE FB

BMR IN BRMES HBE-BY-8R HIND THUNNEL
STERDY BLADE FLAP BENDING 1B V5 AIRSREED

liEE..
SR Y25 R
% B CEG., COLL,
EHRFT RNGLEs -1B DER.
lshd

ﬁ A N 5 A :\ 3 z

. » ¢ +
2] ya &R 2Y 1 BY izu L] 58 188

Y12 RIRSFEED (KNOTE) x““a

-2884

FIGURE 6.59 STEADY FLAP BENDING 110 VERBUSB AIRSPEED

[ N




BLADC FB 55 {IN-LB}

ViB.

BMR IN ONES YO-BY-8B HIND THNNEL
VIBRATORY ELELE FLAP BENRINS R85 ¥3. RIRSPEED

SEEAT
Y25 APM
_ 0T, COLL.
UgLT 5thi ¥ RNBLE = -i5 DEBG,
- 3ERRY

n
K
=
o

x"
fipnn: X\ . /

X \}t/
8 ' v ' + + + 4 + + 4
5 28 IF) ER2 ER iRg 128 jun i6d g8 2@ i
] i
RIRSPEED (KNOTS) }
. :
FIGURE 8.60 ~ VIBRATORY FLAP BENDING 55 VERSUS AIRSPEED

ra



6EZ

IN~LBD

J.(

STERDY BLALE FB

MR IN RNES YR-BY-BE HIND TUNNEL
5TERDY BLRDE FLRP BENDING 55 YE. RIHSPEED

258

2688+
1HEE- Y25 RPM
B BES. CB2il.
SHRFT ANGELE = <8 DESH,
g + t 3 7 ¥ ¥ t t - ]
20 He B3 Ed 183 12k 143 163 tER
- 1835+ RIiRSPEED (KHOTE)
-2Rgs}
~26RaT
i
~vgang T~
T x\
~sagEgt

FIGURE B8.61 STEADY FLAP BENDING 55 VERSUS AIRSPEED

eV 1

e e e



0%z
F§ 116 (IN-L8)

o~
I

VIB. BiADE

BHR 1N ANMES MB-BY-BA HIND TUNNEL
VIERATOAY BLAPE FBHiIE V8, COLLECTIVE

1388
LEGEND A—A——’/a
: H
BE2T  |x cokts o, = -e g "
O 90 kta  a, = -§° /
+ 1iQ kts ag b -5.. /+
%a

* 170 kts _— "
4 143 Xtz . = -0 +/ ﬂ

' b3
. BRARY ALL DATA FOR 425 RiM 0

x.-"'
P39S o
g ! ! t 4 $ 4
g 2 Y 3] 8 ig 2

COLLECTIVE (REBREES)

FIGURE 8.62 VIERATORY FLAP BENDING 110 VERQUS COLLECTIVE



14

BTERDY ELRDE FHiIg (IN-LED

BHR 1IN ANMESR HA-BY-BR HIND TUNNEL
STEREY BLARPE FEUIA v3. COLLECTIVE

LA
LEGEND
G MOVER a_ = =ip*
unoL 5 °
13d x €0 kts a = ~E"
v} 33 kta LI -a*
+ 120 kte o = -6* 3
¢ 120 kts g = -c*
Fona 8 143 kts o, = -t0° X
ALL DATA FOR 425 RUM / ;/IJ/
o /Ef/’

* /”‘// +’J“", ol

& + Y — - 3 §
- il o &
2 4 - ¢ et i2
//ﬁ /¢
g e
A cpet\Tive (GEGREES)
- 2EHE -t
~4DnE
~BHpL

FIGURE B8.63 STEADY FLAP BENDING 110 VERSUS COLLECTIVE

Lt b O T eTIC I PP |



. ]

BMR 1N RMEE ME-BY-E8 HIND TUHNEL
YIEARTORY BLR2E FESK V5. COLLECTIVE

-

‘x
o
+

*
1

}
;

Zve
FB 55 {iN-LB

-
=

kn

VIB, BLAD

LECEND
&0 kts a, = -8° H
99 kts mo -g* \;&
120 kts 6y = 8 6 VARIATION IN 4/REV
130 kts n, = ~§" J‘/A
E . .
143 kis 8, = =107 o
jALL DATA FOR 425 RPN | xﬁ”"—-—“
+
~\\\N\~ ,
+
X. 4

»

-
-
s
e

B 31 13 12

nt
5-!

COLLECTIVE (REGREES)

FIGURE 8.64 VIBRATORY FLAP BERDING 55 VERSUS COLLECTIVE



£¥e

N-L15)2

-
H

Y BLRDE FBEX ¢

ETERD

BHA IN RHES YZ-BY-D3 HIND TUNNEL
GTERDY BLADE FBES V&. COLLECTIVE

3830
LEGEND
O IHOVER u. » =10°
PERRT X 60 xts a, = -8° -
9 90 kts . m -6
+ 120 kta ay = -g*
!ngrh - 120 kta cs = -5
143 kts o - -10°
ALL OATA FOR 4315 RPM
8 % 4 - + ’ 4
2 Y & <] IR
- 16aET COLLECTIVE (DEGREES)
-28BH T
~2R85+ <«
// °
» /
~MPLE / 2/
x/ '
u -
=558us //a /

FIGURE B8.65 STEARDY FLAP BENDINGC 55 VERSUS COLLECTIVE

el MR ABLUER o D, Mo



BMR IN AMES HE-8Y-BA NIND TUNNEL .
YVIBRATORY BLADE FLAPF BENDING B8 V5. S5HRFY BNGLE

VIB, BLADE FB 55 (IN-LEG)

20R8r
X
ERRT /
%
. ) | /
l (/'—m x
1 EER
*
I };/“ \
i : ’ £ iy
i oozt LEGEND
;[ x 60 kts & . = E°
0O 96 kts o 4 = B /
,' * 120 xts 0 5w 8°
I 8 143 kts g , = 10° D—//U
| HBE{ MLL DATA FOR 425 8N
B - - — ¥ t ¥ - :
“is _!L{ -IE , _,la —E -E "l'l —E

SHRFY RNSLECDEGREES)
TIGURE 8.66 VIBRATORY FLAPF BENDING 55 VERSUS SHAFT ANGLE



sbe

otsls)zg

i BERA

T

BMR N BMES HO-BY-HD HIND TUNNEL
STERDY BLARE FLAP BENDING X ¥85. SHOFT RNGLE

LENEND
v E0 kits ] S a
] SQ ktas .- a*
t  1i5 kta -] ;™ 2=
4 141 ktz2 8 4 @ 187
ALL DATA FCR 42% RPM

STERDY BLRDE FBE 5 (IN-LE)

-4 ED-

~5H3

O

-1y -1z -14 -8 B -4 -2

EHRFT RMGLECDEGREER)

-—vﬁ""—-——-’ﬁ
~X **“""""li""--ﬂﬂr-Eﬁ-ﬂ""’ﬂwﬁ-.
—-G,_.—"—v"'"—ﬁ/

ﬁ-

*/ .
fvwﬁk""43“”

FIGURE B.87

STEADY FLAP BENDING 55 VERSUS SHAFT ANGLE

[++ Y



e+ memmrmam e o

¢ e e e U b b E g e

9¥Z

VI8, BLADE F8 170 {1h-1B)

I B33

anay

EAG+

BMR

IN AHES HO-BY-BR HIND TUNNEL

VIBRATORY SLADPE FLAR BENDING BIE ¥E, GHOAFT ANGLE

HER
IEGEND

x 60 kts @ , = B°

0 90 kta 8 4= g*

: * 220 kty e o = 8°
| S35+ 8 i43 kra @, = l0°
ALL GATA FOR 425 8PM

-l8 -y -{d -0 ~8 -5 - ~3 "}
SiHRFT BNGLECDEBREER)

FIGURE B8.68

YIBRATORY FLAP BENDING 110 VERSUS SHAMT ANGLE



STEODY BLARE F3 118 {I1n~-LB)

EHR IN RHES HYE-BY-BR HIND TUNNEL
STeERADY BLRDOE FLAP BENDING 1IR ¥YSB. HHAFT RNGLE

FIGURE 3.69

T 258y
LEGEND
X £0 kit= a.? - g
AZBT 10 90 kts 8 = @
» 120 kts e_? = g°
& 143 ktx 6‘1 = i0*
155“ ARLL DATA FOR 425 APM
X X ——
\x
125+ )
a
m
S5y
B o s ' r 4 t - 4
/::—,—\: . - - - - . -
SO N 8 . "
cx SHA " RANGLECDEGREES I
— n e L]

STEADY FLAP BENDING 110 VERSUS SHAFPT ANGLE



= e ww e

e e ggs i -

E¥Z

ViR, BLRIL C8 110 {IN-L3)

. SHR M ANES HE~LY-ED HIND TUNNEL
YIBRATORY BLADE (HURD BENDING 1i8 Y&. RIRSPEED

HRBET

425 RPM

§ DEG. COLL.

SHAFT RANGLE= -1@ LTE. .
s}
bt “x“_“‘““‘“"'**‘-ﬁhhkhx

X\\\\\\\
igart
B 24 4 &y B4 imd 1@@ N IER iea

RIRSFEED (KNDOTS)

FIGURE B.70 VIBRATORY CHORD BENDING 110 VERSUS ATIRSPEED

28R



6F7

L1y CIN-LED

BLADE C#

CETEADY

BHR 1N BARES Y4B-BY-BEB HIND TUHNNEL
T STEHDPY BLRZE CHORD BERDIKG 118 va. ARIRSPEED
EHAFT RNGLE= ~1HB GES.
B aEm, CoLL.
H=D APRN
5 4 ¥ + ¥ } $ } '3 f J
ZB Ya EA 543 33 | 4B | gt BB 2B
RIRIFEED CKNOTSH2
A8+ Y
; s %=
| G X —— -‘hﬁ“hhﬁ
~NAnE+
-gpHZEd
~Hagd
FIGURE B.71 STEADY CHORD BENDING 110 VERSUZS AIRSPEED
. .I:,' ';r t i E

e ?X;U‘:":"'"“ .

-




EMR IN RMES HE-BY-~-8A HIND TURNEL
YIBRATORY BLADE CHURD BENDING 85 Y5. HIRSPEED

BERET
42T HPH
H OFE. «nii,
EHRFT FNGLE = ~j¥d DES,
Egget
3 ™~
= NUZaT
f\-':\ el ' \\x‘
& o
[ T
©
e
53 !
i
© zppat
= ¥ N
8 1 t + ¥ + y t t L
P 21 L (547 G 1~ 128 g I6S E:1
RIRGPEED C(KNDTS)
FIGURE 8.72  VIBRATCRY CHORD BENGING 55 VERSUS AIRSPEED

n: C ]
[
=

[




15¢
TERDY BLADE <B 8% ¢ !N~LE)

=1

i B8,

BESRT

BEZCH

BMH |H RMES SE-BY-822 HIND TUNNEL
BTERDY BLADE CHORD BENDING BES V5. HIRSHEED

Heh HPH
B bER, IOLL,
BHAFT HHELE = —1d DEG.

’##f,aX"

SRR ' '
zagat
8 ' ' $ f.' + ¢ -
i Hig 63 B2 is@ dz@ M3 63

RIRSPEED (KNLTH)

FIGURE B8.71 STEADY CHORD BENDING 55 VEREUS AIRSPEED

Ko




BUR 1IN RHES -BY-HB HIND TUNNEL
YIRERTORY JLRDE <A1ID V5, COLLECTIVE

2
%4

)

€3 110 {IN-1B

,..
[
-

SHlAy
LEGEND

HP3a+

x o8 kta ng = -8"

2 90 kta a, ™ ~3*
i + 120 kts o, = ~8°
; £ 131G vy o, = -5*
i

& 143 kra o_ = ~1i°
gt >
l' ALL DATA FOR 425 RPM

Vis. GLAD

o)
_I &
2nppt +
. /
. f’,””,/” .
+
cr“"“’cr"’r

i ’ +/f
1EEad

| U“-u43_ﬂwuf‘¢;;f

=
x—"
gy + 4 t } 4
B 2 H %] a 1]

CHLLECTIVE CDEOREES?

FIGURE B.74 VIBRATORY CHORD BENDING 110 VERSUS COLLECTIVE



BMR IN BHES HE-BY-8B WNIND TUNNEL
HTERADY BLRDE CBIIE ¥85, COLLECTIVE

ZHBkT
s + ¥ 3 § 5 ]
a Yy =1 a8 id {2
CULLECTIVE (DEGEREES D)
- 2253 o
- __#4k—~——$}*““5§"“
AR T
Yt
LEGEND
O KGVER a, = -10*
x E0 kta g n~ -a3"
BRI+ ) 90 kta u, = -H*
+ 120 ktw ", = -p2
. 130 kts ag - -K"
a 141 kis L - —-1a*
ALL DATA FCR 425 HPM
~BOAR+

FIGURE B.75 STEADY CHORD BENDING 110 VERSUS COLLECTIVE



¥l

€8 55 {IN-LB)

-
-
-

VIR. BLAD

BMA 1N RBHEE HA-BEY-BA HIKDR TiINNEL
VIBRATERY BLAOE CBYS vB. COLLESCTIVE

BRREr
LEGEND
X
x 60 Kts oz w -§° '
esever ) Q 93 kta a_ = =8¢
BHBI + 120 Xtwg na P '
2 |
128 kta e, » =E7
4 143 kis ny -0 X
ALL DATA FOR 425 ReM
HaAgEY .
_ *
+
x
g . 7/* a [
2anit — - \o«/
X
g ) ¥ 2 ? 4 §
3 7] Y 2] id i2
COLLECTIVE CDEGREES)
FIGURE 8.7%6 VIBRATORY CHORD BENDING 55 VERSUS CCLLECTIVE
s




[}
ah

ApE CESS (IN-L3D

Bl

STEADY

ig

g

g

b3

BHR {4 MiES YE-8¢-58 HIND TUHNEL
RTERDPY BLADE {BES Y45, COLLECTIVE

238y
LEGEND
O UoVER a, = -io* O
£ 60 Lts a, = -g°
a4+ d
1 50 kts a, = -B8° A
+ 120 Xta ag = -8 tk"”’
120 kta n_w -h" (r”’
| 3
A 141 kta o, = -10% - "”",Lk"""
i) ALL DATA FOP 429 RPM " ET,
- ,..-_--"":‘-/X
/tff".-_——'f*ﬂﬁ_:,:/"//x
__”//ﬁ/
* X
ddi -+
5 P ' ' ? + 4
g 2 Y 3] B i#

COLLECTIVE (DEGREES)?

FIGURE 8.77 STEADY CHORD BEHDING 55 VERSUS COLLECTIVE

Ll

i2

oo



use

YIB. BLADE €8 110 (IN-LB)

BHR IN RHES 4B-BY-BH WIRND TUNHEL
VIBERRTORY BLADE CHORD BENDING 118 V5. BHRFT HANGLE

LREpy
LECEND
x 60 kts El 7 Bv
ypzed 0 90 kta B.T L
T 129 ks e ;=0
& 113 kta ] 7™ 10®
RLU DATA FOF 425 RPM

]

-
"t
L J
-
E

ol 11 =14 -12 -8 -8 -8 -y -2
SHRFT RNGLE (DEBREES)

FIGURE 5.78 VIBRATORY CIIORD BENDING 110 VERSUS SHAFT ANGLE



[AT4

HETR-

2RBET

: BMR IN BHES HIE-BY~RHE HIND TUNNEL
STERDY BLADE CHORD BENDING {E V3. SHAFT RNELE

LEGEND

x §0 kte
O %0 kts
* 170 kts
& 143 kt= 8

= g*
g*
q*
LI b L

LI - 3
1

-7
.7
.7
27

ALL DATA FOR 4I5 RFM

1
g
fait)
B2
[ un}

i
£
i
]
£l

~EDER-

STERDY BLADE CE (18 {IN-LE}

T

~BHAZ

i A
¥ L

=11 ~-id -i g

SHHFT RANGLE ¢(DEBREES)

OO &
| X T

FIGURE 8.79 STEADY CHORD BENDING 11¢ VERSUS SHAFT ANGLE

L.

RS |



-LB)

T
Al

VIR, BLADE CR 35 (I

| HERE

BRERSy

A

2805

T

BMR

IN AMES HHA-EY~BB HIND TUNNEL

VIBRATORY BLADE CHORD BENDING S5 V5. SHAFT ANGLE

LEGEND

6C ktx
0 kts
120 kta
143 kts

g*
8-
8.
1o+

& * [ =
@ O m o
= v
b B B Y
R ¥ o

ALL DATA FCR 425 EPM

~IH -$3d

FIGURE 8,80

3 3 2. M
L] ¥ v ¥ Ll

-1 ~5 -8 -y -2
_ SHAFT RNGLECDEGREES)

VIBRATORY CHORD BENDING 55 VERSUS SHAFT AMGLE



ey

66e

STEADY ELARE {8 55 {IN-L52

-

BHR N BMES HBE-BY-EZ HIND TUNNEL
STERDY BLRADPE C(HORD BEHDING S8 Y5. SHAFT RANEBLE

{AREEy
sERgd+
W
BRI Iii\\‘ﬂ-..*
ST
5%&
5
HERE LEGEND
K 63 ktn 0‘.,. =
] 9 kts G..I - B*
* IZQ kta e.,’ = B*
& 141 ktm 8'? = l0°
ZRa8+ .
ALL OATA FOR 42% RF!‘_L.
# t } $ 3 $ + $ )
1] e L] -{2 -i8 -8 -k e | -2 B

SHAFT RREGLECDERREES)

FIGURE 8,81 STEADY CHORD BERDING 55 VERSUS SHAFT ANGLE



092

VIE. BLADE TG 85 {IN-1B)

BHR IN RHES ME~BY-BA HIND TUHREL

YIBRATORY BLRDE TORIION AR VY5, COLLECTIV.
A’M

583
ﬁmh___a////
LEGEND
HL2r x 60 kts o = -p*
i1 90 kts ag = -a°
+ 120 kts LI
* 120 kis ng m -6* .
4 143 ks ag = -1lu® * * -_-—-_—f__..:-:_"'"_____;.
DLy ALL DATA FOR 425 RPH +..--—""+
ZRET | /
/x
w___ X
V¥4
B t — ¢ b $ i
i 2 4 B ia 12

FIGURE 8.82

COLLELTIVE (DEEREER)

VIBRATORY BLADE TORSION 65 VERSUS COLLECTIVE



i.'—ﬁsi ..

¢ T
MR RT PMES HA-BY-83 HIND TUNNEL
167 S5TERDY BLRPE TORSION BE V5, COLLECTIVE
SdEt
8 + + 4 $ ¥ 1
2 Y & 8 3]
i COLLECTIVE (DEBREER)
% _____f::-ﬁ'ﬁﬁ—"”o
——— ——9“"#{:}6:*’:-—-# +
.~ EAa} % prm——O—D
~ it
cl
; [ )
. [
3 o ISl LEGEND
] Q
v T () HOVER o = =13°
T 3 3
B [l . ] x 60 kts we @ -8"
; }"EEEIE‘ A 90 kts a, = -8°
gg + 120 kis a, = -8*
b k«_i * 120 kts o % -6*
{jj—-e8pst 4 143 kta w, = ~10°
ALL DATA FUOR 425 RPM
~3pzat
- FIGURE 8.83 .BTEADY TORSICN 65 VERSUS COLLECTIVE
. S
K B — _ ; } N
h& N ! o - .- '/ i '\



1

~§

292

B

MR IN NHES HA-BY-B8 WIND TUNNEL

VIERRTHRY BLARE TORSION B85 Y5, SHRFT RNGLE

(3]0 %8
LEGEND
X 60 Xta 8 , = B®
3 30 kea 8 5 = 8°
* 1206 kes e o = §°
BHELT 4 183 kes @ 4 = 20°
ALE DATA FOR €25 RPH
O O DT
OB+
o *‘-.\\
*J,r’“F .
P
X
"‘""-——-———U O~
//D
EBH_ '/-D x'/x
N
il t 3 + * + ' ' 1
-5 =Y -i2 -td -B -8 -~ -2 %)
SHRFT ANGLEADEGRREES?
VIRRATORY BLADE TORSION €% VERSUS SHAFT ANGLE

PYGURE B.8§4



BHR [N RNER HB-BY-B@ HING TUNNEL
=3 STERDY Bi-ﬁDEj TORSION IH‘S ¥5. BHAFT RAMNGELE
]SEE . * I_.EGE”B
® EQ kts e_T = B¢
i 93 kks G_., - gt
iBF}H_L # 120 kEm ﬁ.r = B*
4 143 %tw ﬂ_? = 10*
ALL DATA FOR 42% P
. oEna
£
-
i
=
= .3 ' s " + 2 " ’ 1
p L_ -~ {Y ~iZ -i8 -H -8 ~i4 =g n
S
1
b -sBAT sémra RNGLEC DEBRER/AL B
5= e ————— -
2 - A # e "%
Wojpust _aA—O——O— B0
21
-} SR8+
—2rgn+-
FIGURE B.85 STEADY TORSION §5 VEZRSUS SHAFT ANGLE
. S .
i N GhE T e AR ot |
'\'II s ‘; ; f} I“i’ ”—&; _‘ » L 4" J , v hal S .y



-F " -

8.2.2.3 V¥Flexbeam Load Trends

Flexbean flzp nmomsnts as a function of airspeed are presented
in Figures 8.£6 through £.97. Vibratory flap moments exhibit
the expected Trend with relatively constant vibratory levels
out to about 90 knots, with a knee and subsegquent build-up at
higher airepeeds., The ppenwise distributiwn indicates that the
outboard and inboard ends are most eritical. The most critical
location is span station 44 inches on the trailing beam (Figure
B.88). The peak load limit (steady plus vibratsry) for this
same station is one of the constraints on additional envelope
expansion. Peak load linits for the flexbeam were set at 80%
of the lecad level achieved in statis proof tests. Those load
levels were the predicted limit loads for a 3.5%g load factor
within the BCG-105 f£flight envelope. - Flap down bending is the
critical peak flapping mede. 2As can be sesn in the cteady flap
plots, considerable peak value margin exiets in transition with

critical flap deown steadies ocourring at higyh airspeeds.

Vibratory f{lapping moments show increases with higher collec-
tive settings at constant rpm and shaft angle consistent with
the build-up in airloads. AL low collective zettings, there is
some .mall Icad bulld-up reflectiryg increased sensitivity to
trim. Figures 3.98 through B8.109 present flap mgmenté versus
collective pitch for stations 44, 18, and 10.5 for both the
leading and trailing beam. Slrpe differences in the steady
moments between leading and tralling beams reflect The effect

of twist along the span of the flexbeaams,

264




Toetal vibratory flexbesm flapping at station 44 increases with
increasing positive ghaft sngles at constant rpm and collective,
which is consistent with results shown for the Llade root
section. This effect is less prenounced at the wove inbkoard
flexbeam stations. Data are presented in Figqures 8.110 through
8.117. The differences in leoad distribution between the leading
and trailing beame may be due to the blade clevis rotation
causing a different flop mode shape in each bean and the chord
bending motion causing differential centrifugal stiffening.
These pame effects are visible in the steady flap moments which
exhibit a linear increase in flap bending as the shaft angle

tecones more positive,

Flexbean chord bending moments as a function of airspeed at con-
stant mpm, collective and zhaft angle are shiown in Figures 8.118
through 8.1231. Vibkbratory chord bending moments show a signifi-
cantly higher level in the intermediate speed range (40 to B0
knots) with ralatively low valuess at hover and 143 knotz. This
trend is ideantical to the blade chord bending trend. Inboard
and outboard moments on beam A (leading beam) indicate ar "s*
shaped bending mode. Differences between beam A and beam B
steady chord moments at station 43 indicate opposing rotations
at the outboard end of the flexbeams. & potential source for
this action iz an assymmetric jine of action of the centrifugal
force which would tend to produce a different mode shape for
the leading and trailing beam. The chord bending gage on beam

B failed prior to this phase of the testing.
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Figures 8.122 through B.125 present the variation of flexbeam

choré bending moment with collective at constant rpum and shaft
angle. Vibratory uwoments increase rapidly with hicher collec-
tive pettings. The disitribution between leading and trailing
beams tends to be equal in the wibratory mode. By contrast,
steady moments are leading edge tension ir the leading heam and
trailing edge tension in the trxajiling Leam copsistent with a
bowing effect across the tie between the beamns at the bhlade

attachiment polnt.

Figures 8.126 through 8.129 presant flexbeam cherd bending moe-
ments as a function of shaft angle at constant rpm and collec-
tive. Vibratory mements tend to he shared egually by the leadw
ing and trailing beams. Outboard chord bending shows a limited
veriation with shaft angle. There is a3 general correspondence
between the midspan versus the ropt egection of the blade
{Figures 8.78 through 8.81) and the outboard versus the inboard
end of the flexkeam. The cumulative effects of shear ferce and
twist result in greater changes in mements at the inbosrd sec-
tions of the blade and flexbeam as the shaft angie is veried at
constant 1pm and coliective. Moment levels at the coutboard
sections show little or no change w!th shait angle. The dual
bear concept results in differentiai centrifugal forces and
choxrd shears between the leading and trailing beams with rela-
tively small local cherd moments. 5Small changes in the chord

shears at the outbsard end show up 25 larger changes in the
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local chord moment at the Ilexbeam root end due to the large

moment arn from station 49 in the inbecard end.

During start-up and shut-down of the rotor, the one per rev
crogsing of the first cheordwise mode resulted in momentary chord
bending responses in excess of the endurance limit. “he out-
board chord bending was more critical than the irboard chord
bending for this excitation. During excitation of the rotﬁr
for stability data, the inboard chord bending sectiocn was cri-
tical. No significant rotor speed effects were observed in the

operating speed range.
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8.2.2.4 Torque Tube and Pitch Linit Load Trends

Torque tube chord bending as a function of airspeed is present-
ed in Figures B8.130 and '8.131. Steady chord beading exhibits
only a slight depends=nce on airsneed and fellows ithe same trend
ag steady torsicn in the torgues tube, Ii appears that there is
a chordwise digplacement which is related to the torsional ro-
taticn of the clevis and the inharent flap-pitch-=chord coupling.
The variaticn with airspeed nay be wore related to torsional

deflection along the blade span at the higher airspeeds.

Figures 8.132 through 8.135 present torgque tube torsien and
pitch link load as a function of airspeed. These figures show
a distinect correlation between piteh link load and torvque fube
torsion. This reflects the forces required to produce the de-
sirad¢ pitch changes around the azimuth by rotation of the

attachnent clevis.

Figures §.13¢ and 8.137 present torque tube chord kending trends
as a function of collective at constant rpm and shaft angle.
There is a nearly linéar increase in vibratcery chord bending
thaf reaches the endurance limit within the test range of col-
lective. Peak chord bending moments {(fteady plus wvibratory)
are lirmiting on the low side of the desired collective range

and prevented stabhility evaluation at zero collective.
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Vibratory pitch link load and torgue tube tersicn show a strong

dependence on ceollective at constan® 1pm and shaft angle for
21l forward airspeeds. A very proncuvnced dependence ou collec-
tive is éhawn-in.the steady pitch link load and toxgue tube
torsion, which varies directly with c¢ollective sett: .g. Figures
8.138 through 8.141 display measu »d locads versus collective

for torque tube torsion and axial pitch link load.

Figure# 8.142 and 8.143 present torqgue tube chord bending ver-
sus shaft angle at constant rpm and ceollective. Shaft angle
variations produce relatively little change in either ﬁibxatory
or steady chord bending. The most proncunced effect is due to
airspeed or collective changes. 7This reinforces the concept of
a lag displacement related to clevis rotation and the corress~

ponding wind-up peiween the flexbeam attachment points.

Torque tube torsion and pitch link load trends with shaft angle
are presented in Figures 8.144 through 8.147. Vibratory loads
show a linearly increasing trend with more positive shaft
angles. Steady loads show a slight influence of shaft angle at

143 knots airspeed only.
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8.2.2.5 Conifiguration Changes

The configuraticn changes were evaluated in hover and foxward
speed. These confiquration changes were made to investigate
their effect on asroelastic stability. The first configquration
tested incorporated a seﬁ of “soft" pitch links with a reduced
axial spring rate (5735 lb/in vs 26,686 lb/in for the bazeline
configuraticen). The overall effect of the change was an 11%
reduction in control system stiffness. The addition of elag~
tomeric damper strips to the upper and lower £flanges of both
the leading and trailing beams was the second configuration
change to be tested. In addition to the configuration changes,
the effect of removing the AMES tunnel balance dempers was in-

vestigated.

Similar results were obtained for the "soft pitch links" and
"damper strips installed" configurations. Both the blade pitch
at the beam~to-blade attachment and the division of the vibra-
tory blade torque between the control system and flexbeams are
dependent upen the relative stiffness between the torque tube/

control load path and the flexbeam flapwirne bending which re-
stroins torsional rotatlon of the slevis relative to the rotor
hub. This effect can be seen in the data presenteié for these
twoe configurations and compared to the baseline in Figures
8.148 through 8.171. ‘Total vibratory flap bending at station
44 was cobtaiped by adding the 10 harwonics {ing¢luvding effect of
phase angle} for beams A and B and reconstituting the resultant

harmonics for total flap bending.

344



J;\

AL R L IR
piriang A

In considering the effect of the reslation between the control

leoads path and flexbeam stiffress on pitch angle. at the hlade
attachment clevis, it is instructive to consider two extremes.
If the flezbeams were completely rigid, them the control actu=-
ator motion would produce wind-up in the torque ftube with no
rotation of the clevis. On the other hand, very flexible fle:
beams would result in almost no wind-up in the torque tube as
the control actuator motion would go directly into c¢levis rota-
tion. It can be ceoncluded from these two extremes that any
modification which increases the stiffness of the flexbeams (in
the vertical bending mode which restrains clevis rotatiocn)
relative to the torgue tube/pitch link will have the effect of

reducing the blade clevis rotatien for the same control input.
A comparison of rotor lift, as reported in the static file is

presented in the following taebulation for a nominal collective

setting of 4 degrees:
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ROTOR LIFT (Lbs)

Rotor Raseline Soft Pitch Damper Strips Waseline
speed Configuration Links Installed 3.2° Coll.
(REM)

335 1162 802 887

2400 1727 1387 1377

425 2392 1652 1587 1773

In Figures 8.148 through 8.171, shifts in steady locad levels
are consistent with a Jower blade pitch angle for the conficur-
ation variaticns. 7This 1s most evident at 425 rpm. The one
exception to this trend is chord bending at station 11 with
damper strips installed, For this case, the incrcased chord
bending stiffness results in a shift in the steady mouwents in

the opposite direction of reduced collectives.

A bnhzeline data peint (ruvn 15, test point 4, S0 nots, ~8° shaft
angle)} with 3.2 degrees collective was superirmpased on Figures
B.148 - B.173. This point was chosen because the resultant 1ift
1s similar to the 1ift wvaluer for the configuration changes av

425 rrm. This point show

[e4)

the effoct of a collective change
only on the baseline configuraticn. It can be seen that the

shifts in st=ady moments due to the configuratior changes are



compatible with the shift due to a reduction in blade pitch. 1In

view of the reduction in Jift for the configuration changes cowm-
pared to the baseline asd the shift in steady mouents, it can
he concluded that the blade pitch angles were lover for the con-

figuration changes for the game control irput.

shifts in vibratory load levels are coasistent with changes in
blade pitch except for flap bending at station 10.5. At this
station there is a pignificant reduction in l/rev flap bending
while PFigures 8.106 and B8.107 do not show thiszs sensitivity to

collective.

The wavaforms for station 10.5 at 423, 400 and 338 rpm are

plotted in Figures 8.186 - B8.186.

Steady tergue tube torsieon is increased conzistent with a smal=-
ler reotation zt the outbuard attachment for the game displace-
ment at the pitch arm. {An increase in the wind-up along the
torque tubs for both soft pitch links and dampe~ strips ine-
stalled)}. A compressive pitch link load increment is ;equired
to achieve a more nose-up torgue tube torsion (increased

wind-up}. Fiegure 8,169 shows this shift.
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8.2.2.5.1 Soit Pitch Links

_ o]

In addition to the plots in the previous section, the soft pitch ?ng;;
link =ffect is also =zhibited by the harmonic content as shown _;?%;5’
st i

in Figures 8.172 through 8.173. While the totel vibratory loads 5??_'%
show a significant reductien in flap bending at stetien 10.5 ﬂg&?f?
only, the hawacnic content showe significant reduction in l/rev jfj‘%f

loading fo. both flexbsam flap bending stations (10.5 and 44). j;L;;
There is alse significantly more 2/rev content at station 10.5. %j%ﬁ{
In addition, axial pitch link load shewe significant changes, L;;?;{
with an increase in 8/rev and i0/rev at 400 rpm and z decrease f';ixﬁ
in 1/rev at all rotor speeds tested. A comparison of the pitch ;% f%
link axial lcad and the torque tube torsion rhows that there is  ,h{i_
not a direct correspondence in the vibratory response. 'r?g%f
by
:ﬁyiéﬁ
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8.2.2.5.2 Effect of Damper Strips

25 noted previcusly, there are similarities between the sof:
pitch link confiquration -and the damper strip configuration.
Harmonic content for the effect of damper strips iz shown in
Figures 8.179 - 8.185., %The damper strips also show significant
raducticns i 1/rev flap bending (station 12.8 and 44}, changa

in 1/rev and 3/rev chord bending whose direction 1is dependent
upon the operating rotor speed, and the lack of a2 direct cor-
respondence between vibratory pitch link lcad and torque tube

torsion.

on the other hand, the pitch link vibratory content shows sub-

stantially lese change relative to the baseline configuration.

For beth confiqurations, the significant torgue tube chord bend-

ing is limited to 1/rev and 3/rev moments.
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8.2.2.5.3 Effect of Balance Dampers

In evaluating the effect of removing the wind tunnel balance

dampexs on rotor loeds as a function of rotor speed, no_signifi-
cant trends were observed. Flap and chord bending moments

versus rpm are presented for the inboard and outboard ends of

the flexbeams in Figures B.189 through 8.1%6.

Figures 5.197 through 8.201 display the effect of removing the
balance dampers as a functicn of cellective variation in hover
at constant rpm. Only flap bending morents on either side of
the blade attachment clevis show significant change. There are
two significent effects in vibratory wmoments., Steady flap
bending shows nc major change. (Steady FBSS shows no change

and is not presented).

Cne of these changes occurs at the lower end of the collective
range (4% with dampers removed versus 4.5° for the baseline}.
With the dampers removed, there is a substantial increase in
flap bending moment at the 4° collective setting. This in-

crease 1is rwelated tc trim as shown in the folicwing table:

Dapper Configuration ON OFF
Shaft Angle ~10° =10°
Collective 4.5° 4°
Cyclic Al ~0,9° ~0.7°
Bl Q.1° 0.3°

Fixed System Moments Pitch 333 -a2
{FT-LR) Roll -170 1507

328
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The large discrepancy in roll mcments exists only for the 4¢

coellective setting.

The other change is a steeper slope (change in flap bending
moment + change in collective) for FB10.5, FB4d, and FRSE.
This change iz more pronounced at the stations either sgide
of the bhlade to flexbeanm attachment clevis {(Fi44 and FBSS).
It would eppsar thar the balance dampers have an influence

on the response of the concentrated mass at the clevis.

Figures B8.202 through 8.206 present steady and vibratory fiap
bending for stations 7.5 and 44 plus steady f£lap bending for
the blade at station 55 at the 90 knot test condition. Changes
in vibratory flarping with balance damper removal are less
prenounced than they were in the hover condition. There is
a more significant <change in steady flzp bkending moments.
Steady flep bending changes in FBR7.5 and FBS5 would suggest
an increase in coning (1ift) with the balance Jdampers removed.
Corrected rotor 1ift values from the static file indicate that
higher reotor lifts were obtained for a given collective set-
ting during the testing in which the balance dampers were
removed. It appears that there was some shift in the measured

actuator position relative to the actual collective setting

ror this 90 knot collective sweep.
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8.2.3 Correlation with Flight Test Loads

g.2.2.1 Blade Leoads

In oxder to obtain this correlation, control inputs during the
test were adjusted to give thrust, propulsive force, and l/rev
flap momants comparable to flight test measurements. The fig-
ures in this secction present this correlaticn for & 16 forward

flight airroeed swoeszp.

Blade flapping shows excellent cerrelation with the exception
of steady flap moments at midspan (staticn 11¢)}. The vibratory
morment at midspan and moments at the blade root are significante-
ly higher and would be expected to be more reliable. Blade

flapping moments are presented in Figures 8,207 through R.210.

Figures 8,211 through 8.214¢ wresent blade chord bending moments.
There is relatively good correlaticn, with the flight test data

siightly nigher than the wind tunnel data.

Vibratory blade torgue shows very good correlation while steady
blade torgues show szomewhat higher ngse down pitching for.the
wind tunnel measurements (Figures 8.215 and 8.216). With the
goad match in stezdy blade torque trend with airspeed (neglect-~
ing offset), there is a possibility that steady blade torques
for flight tes%t are not correctly adjusted for the static 12

cirain level.
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8.2.3.2 Flexbeam Leads

Figures 8.217 through 8.226.preseht flexbeam flap bending cor-
relation. In general, there is +alatively good agreement for
vibratory flap hending. At 30 knots, there is a substantial
4/rev compenrent of flap bending while at o0 and 1106 knots the
4/rev component of flap bending is very small. “ombined 1/rev
and 4/rev flap bending at 30 ko’ %s produces higher total flap
hending relative to the higher airspeeds. This build-up is
greater in ihe wing tunnél test data than it iIs in the fiight
test data. Since the trim requirements for the RTA model are
different than for the B0O-105 helicopter, the lg rotor forces
{(propulsive force and lift) are matched with differeat control
input and shaft angle settings. As a result of these differ-~
ences, the 4 /rev flap response in the Ames wind tunnel would
not be expected to be ldentical to the 4/rev flap response
experiencsad in flight test, ©On the other hand, the 1/rev fluap-
ping in the wind tunnel was forced to match the l/rev flapping
in flight test as a result of control input and shaft angle

changes made to obtain identical 1/rev flapping.

At each of the three flap bending stations, steady flap moments
showlsimilar trends with airspeeds but with an offset in magni-
tude between wind tunnel and flight test data. Differences in
steady flap nioments probably reflect the mere negative shaft
angles in the wind tunnel testing. Figure 8.227 presents a
comparison of typical flight test shaft angle versus shaft angle

reguired te obtain R/D = 0 in the wind tunnel.
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At the fixed ends of the flexbeanm, chord bending vibratory
moments are in good agreement out to 20 knots. Flight test data
shows a rapid build-up at 120 knots which was not experienced
in the wind tunnel testing, At the higher airspeeds, the rotor
is more sensitive to changes in shaft angle., Steady moments at
the outboard section show both diffarences in magnitude and
trend for the leading heam. Leading beam momente are in agree-
ment at the inboard section. Chord bending cerrelation is pre-~
sented in Figures $.220 through 8.231 for beam A only, since

the gage on beam B was inoperative.
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8.2.3.3 Torque Tube and Pitch Link Loads
Figures 8.232 through 8£.235 preéent torque tube chord bending
and pitch link lcad correlation. Vibratory chord bending mo-

ments show good agreement hetween wind tunnel and flight teet.

By contrast, steady chord bending shows very little correlation.

Steady chord bending does vary inversely with cellective which

is the relaciopship demonstrated for all wind tunnel testing.

Both vibratory and steady pitch link load trends are congsistent
with flight test data. Magnitudes are consistently greater for
flight tesit data over the airspeed test range reflecting the

higher collective as sheown in Figure 8.23G.
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8.2.4 COfrelation With Analysis

The 1G speed sweep was selected for correlation of the BMR/RTA
loads data with the flap and chord moments predicted by the
Boeing Vertol computer program C-50., Flap moments were calcu-
lated along the span for both the flexbeam and the blade. For
chord bending, loads were calculated-using egquivalent single
beam properties in (C-60. In addition, a separate program was
used to evaluate local chord bending for the dual beam cunfige
uration wusing boundary conditicns consistent with the C-60

analvsis.

Figures £8.237 and 8.238 present correlation of flap moments.
Very good agreement was obtained for both the steady and vibra-
tory flap moment distribution. In the chord bending mcde, the
correlation with measured blade wmoments is shown in Fiqures
8.239 and 8.240. The corresponding correlaticn fof the dual
beam computer analysis is presented in Figures 5.241 and 8.242.
Both the dual beam and the full blade program (C-50) signifi-
cantly underpredict the measured chord bending moments along
the span. These figures suggest the dual beam local chord
moment is dependent on the C-6C moment# at the f{lexbean~to-
blade attachment peint. In comparing the deflection and slopes
for the dual beam wit‘.h applied moments and shears from C-60, it
is indicated that an incompatibility with deflections and
slopes iﬁ the full blade program exists. Thus, the dual beam
local moment distribution is dependent on the blade modé shape

as well as the shear and mement distributicns. Additional



effort is required to develop a good chord bending analysis
with compatible boundary cenditions. Local beam correlation at
the 110 knot condition is presented in Figuyres 8.243 and 8.244
to give an indication of the degree of correlation at the

highar airspeeds as well as at 30 knots.
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8.3 DPERFCRMANCE

Bub Tares

"Data for the hub tares was taken with the flexbsaps on and the

blades ramuved. Speeds of 60, 120 ond 180 kaots were evaluated
with the snaft angle ranging from -i0 degreez to +10 degrees.
Presented in Figure 8.245 are the drag results along with an
estimate made of the BEMR/RO-105 hub drag using the BO~105 bhase-
line test data at 120 kneots (y = .28). The pretest estimate of
4.41 ft.2 at a shaft angle of -2.3 degrees (thegretical trim
value) 1is lower than the measured value of 4£.75 ft.z. It is
also evident that, at higher speeds, the lift is rot very sen-
sitive to variations in shaft angle as indicatﬁd in Figure

8.245,

Hover

Hover testing was 7Tonducted at a shaft angle of -16° to mini-

mize the effects of the tunnel floor and walls on the flow en-

vironment around the reotor. This. however, eventuelly prdduced

recirculation in the tunnel test section. Referencing FAA Re-

port 8110.32, '"Engineering Flight Test Guide Ffor Transport

Category Helicopters'", acceptable wind speeds for hover testing

are between 0 and 2 Knots for OGE, IGE and tie-dowr: conditions.

For this test, the rotor was 26 fL. above the tunnel floor which

puts the rotor in ground effect {(h/D = .807).

Only the Jlow sneed test points (V ¢ 3.5 kis) were selected for

analysis. Figure 8.246 displays Cp/o as 2 function of Co/o
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with a smooth curve dravn through the data. Also shown on the
plot is the theoretical prediction which shows the measured
pover #4.3% higher than the predicted power at 5000 pounds
thrust, which correspendés to the takeoff gross weight of the
BO-105/BMR.

Forwvard Fliaght

Since the c¢bjective ¢f the test was primarily to obtain stabil-
ity data, most ¢f the testing was performed at the minimum col-
lectives where aeroelastic stability is lowest. In addition,
shaft angles selected for testing were not based on mavching
the aircraft flat plate drag area. Tlerefore, there is a very
' limzi. 4 amount of test points which mateh both aircraft lift
and propulsive force values simultanecusly. Because of this,

no correlation with flight test data is possible.

v The data was analyzed at four (&) different forward flight
. speeds, 60, %0, 120 and 144 knots and a constant tip speed of
717 ft/sec. A theoretical predicition was then made using the
Roteor Ang%ysis program B-67 apd the results were cowpared with
the test resultz. The measured values of velocity, shaft angle,
thrust, temperature, lateral ané longitudinal cycliés vere

taken from the test dars and used as nrogram inputs.
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During the test, the rotor wus trimmsd to zeros flapping (lateral
and lengitudinal flapping cecefficients equal to zero) using a

flap bending gage located at. station 14.2% inches radiug.

Ancther indication that the rotor is trimwmed to zero flapping

is that the pitching moments are near zero. an examination of

the equation for pitching moment shows that when the flapping

coefficients are zery there is still a small moment due to con~

ing and cycliz pitch, therefore pitching moment will not be

ecual to zero. Figures B8.247 -~ 8.250 present the plots of lift

coefficient (CLR/U) versus pitching moment coefficient (Cpﬁ/o)

used to analyze the trim of each test point. At all speeds the

rotor was trimmed to neay zero flapping and the theory and the

tezt data show goed agresment.

Performance of the roter is examined in Figures 8.251 - 8.254

in the form of lift coefficient {CLR/U) versus lift-to-effective
drag ratioc {(L/De) plots. At low speeds, the trends appedr as

expected and the predictions agree very well with test data.

As speed 1increases, the theory begins to overpredict the

measurad L/De'

The drag pelars appear in Filgures 8.255 -~ 8.258. There is a
good correlation between theory and test data for all but the
144 knots conditien as shown in the plots of 1ift ceefficient

e et f 1 wrvga £ F e /
(CLR/n) versus effective drag coefficient (CDE,U).
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Plots of 1ift coefficient {CLR/U) versus prepulsive force coef-
ficient (CxR/u) aitd power coefficient {Cp/u) versus propulsive
force coefficient are shown in Figures §.259 -~ B.266, The
trends appear to be ag expected, following the theoretical data
but with a magnitude shift in propulsive force. Plots of lift
goefficlient {CLR/U) versus power coefficient (Cp/u) {Figures
8.267 - B8.270) show the test data and theoxy to be almost iden=

tical.
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8.4 FLYING QUALITIES

In order to better understand the nature of cresg-axis coupling

during maneuvers, it is helpful to know how the retor behaves

during a rapid change in control settings. DBecausc this deals

with rotor tramsients, it is necessary to know the rolor system

activity as a functiorn of azimuth at each instant in time.

specificaliy, it is desirable to know the flap and chord bending
moment for each individual blade wersus cim= during a control

input. For an articulated reotor, the position of the tip path

plane would be cof primary interest. For a hingeless roter, the

interest centers on the proijection of theses bending moments onto

the fixed (non-rotating) shaft axis svyvsten.

A flying gualities transient time history run was performed
during the BMR/RYA full scale wind tuwmel test. The tast
points and conditions &are shownm in Table 8.1. The £flap and
chord bending .maments at span station 14.25 inches were re=
corded for each blade during excitations of lateral and longi-
tudinal cyclic pitch introduced through the Dynemic Contral
system. The strain goege measuring [lap bending on blade two

failed prior to tais run.

one of the first things to consider when transferming data from
rotating to non-rotating parameters is the consistency of the
data between the blades. The procedure normally raguires the
use f a state estimator program Lo evaluate states, sensor

biases and scale factors. The technigue used here was to first

186



assess the coneistency of the data gualitatively by comparing
the waveforms of the rotating datg of cach blade in trim. Fig-
ures 8.271 and 8.272 show a typical cumparison of flap bending
and chord bepnding data for two of the four biades in trim. The
waveforms are very similar, indiceting ithe blade hehavior is

consistent from cne hlade to the next.

Next the data were harmonically analvzed both before the cyclic
perturbation and after tha transient response hgd time to set-
tle. Figures 8.273 and 8.274 phow the effect of a lateral
¢welie perturbation on the rotating flesp and chord bending
moments for a typical test condition. It was determined that
changes in the first hammonic bepnding moments were comparable
for each blade. Therefore, by waichting the Jata from each
blade, resolving the moments into the fixed system reference
frame, and using a zero-phase low band-pass filter, the results

shown in Figuyes 8.27% through 8.223 ars o tainad.

Figures 8.275 and 8.27¢ represent the results from a negative
lateral cyelic perturbation at 55 knots. The time histeory of
the cyclic disturbance from trim is zeen in the upper half of
Figure 8.575. Figures 5.275 and 8.276 show the first harmonie
flap and chord bending moments at station 14.25 versué time.
The amount of cross-coupling can be seen by comparing the long-
itudinal (cosine) and lateral {sine) components of flap bending.
The off axis responss shows an initial response indicating a

pitch up moment Zollowed by a croesover, with a final steady
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state roll left/pitch down coupling. It can be zeen that there
is a rapid change in lateral flép bending, within .3 seconds ox
2 roter revolutions. The response shows little overshwoot and
quick settling time, characteristics of a geod cowmanded re-
sponse. It appears that the time history could be modeled by a
first order rezponse with a short time cbnstant. Pigure B.276
demonstrates the lightly damped in-pliane mode which was excited
by the cyelic input. The mode does Jdemonstrate sufficient

gamping.

Similar results are shown in Figuyes 8.277 through 8.283 {or
positive and negative lateral and longitudinal cyclic pitch
disturbances at 55 and 111 krpots. The analysis procedure was
as described earlier to obtain the plots of first harmonic non-
rotating flap Pkending at statien 14.25 versus tTime. For
example, Figure 8.277 shows the flap reszponse for a right roll.
The response, when coppared Lo Figure 8.275%, shows symmetry
about the trim point. Figure 8.278 is the non-rotating system
flap bending response te a pitch wp longitudinal cyclic input.
Again the companded response is rapid, but when coupared to
Figure 8.277 has a slighly lonwer rise time. The cross-axis
response does not show any long term coupling., Similar con-

clusions can be drawn from the remaining figures.
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FLIGUT CONGITIONS FPOGR TRANSIENT

TABLE 8.1

TIME HISTORIES

. TORE LAY,
TUHNNEL SHATT CYCLIC CYQLIO CYCLIC
RUN TEST SPEED ANGLE COLLECTIVE {(TRIM} {TRIH) ERIUEDATION
NUMBER POINT VENOTS S 3ale v DEG &~ DEG v DE3 v DES
21 2 55 -2.5 5.8 ~2.%8 2.3 ~0.3 {LAT:}
4 +0.3 (LAT.)
B . +8.3 (LOse.)
8 §3a ""545 608 "‘240 304 "'303 {LAT-}
9 +0.3 (na7m,))
10 ~0.3 (LOHG.)
11 +0.3 (LOKG.}
13 111, ~-7.5 8.5 -1.8 4.5 | ~0.3 (LAT.)
15 } +3.3 (Lav.}
1 15 «0.3 {LONG.)
¥ 17 +0.3 (LOKRG.)
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9.1 EMR/RIA IN TOE 40-BY-80 WIND TUIFEL

9.1.1 3tabilily

The 2MR is stable at all copditions tested on the RTA. The
fixed system dewping of the BNR/RTA essentially increases
with airspeed at constant collective pitch, sbaft angle and
rohoer spesd Detweon bover and 60 knots. Jeyoud 20 kuots the
damping decreases. Further testing is desirable to investigate
the trend of dawping heyond 20 knots. For 16 level Flight the
fired systen dazping decreases from hover to €0 knots, then

increases from 60 kuots to 120 knote. 7%This trend is verified

by analysis, model scale and flight test data.

For both hover and forward fﬁight, tha fixed syshtew dazzping
increases with increasinpg colliective pitch at fixed airspeed,
rotor speed and shaft angle. ILikewise, dsmping decreases with
incressing rotor speed at fized collective pitch, aixspeed and
shaft angle. The damping is determined solely by the inherent
2ir mode damping of the rotor system. The effect of potehtial

coupled RTA/roter instabilities is pegiigible.

The effect of shaft angle variation on fixed system damping at
constant airspeed, oollective pitch and roter spesd is very
smatl, There appears to te a tfendoncy towards decreased
damping with increasing forward shaft tilt, bhut the change is

within the scatter of the data.
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The BHR/TTE full scale wind tungel Tegt proved to be zn zffec~
tive ameans of identifying the inherent damping of tke rotor
system. The full scale tosting can be used to determins the
2ir mode dasping charasteristics of a rotor ceonfiguration, and
to compare the inherent damping levels of several configuration
variations. Th2 oue aspect of stability which can not be sval~
uated in the 4u-by-£0 wind tungel using tha BTA is ground reson-
ance type of inctabilities. Since the RIA do=s notl duplicate
fthe npasses apd inertiss of an actual fuselage, thase‘inatabili—
ties induced by the coizlescence of bedy medes with rotor modes

will not bhe pracent.

9.1.2 Loads
Lepad trends in hover were difficult to assess dus to the sensi-
tivity of lvads to change in cyclic piteh and to recircwlation

effects.

Vikratory flap bending and torsion loads generally show a
trend versus alrspeed of & 2 build-up in loads with increasing
airspeed. In scme cases higher loads are seen in the 30 Xnot
transition regimpe. Steady blade and flezbean flapping are
increasingiy flap dewn ag airspeed increases. Both vibratory
and steady flap bepnding and torsion leads for all compenents
increase directly as collective pitch is increased. For the
blade, flexbeam, and torgue tube vikratory <f£lap bending and
torsion loads, the effect of increasing positive shait angles
is a gradual increase in loads. The respective steady values

are essentially independent of shaft angle.
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Chord bending vibratory loads are ¢reatest in the interrediate
speed regime (40-80 Kuofs), are lower in hover and decrecasc with
airspeed asbove 80 knots. 7%Yhe steauy blede and flexbeam chord
poments are invariant with airspeed. Vibratory chwrd mozents
increage with collective pitch zbove 20200 pounds thrust. At
thrupt levels below 2000 peands thare is some {rend of gradual
increaging load with docreasing collectiva. The nidcopan and
outhoard flesbeam sgteoady chord baading gages showed no effect
of w©ollective while both the blads and flewbeam rect chord

monents increased with higher collective angles.

Most noticeable in the steady chord bending momente ou the flex-
bean was the opposing bending desmenstrated for the Jeading and
trailing hkeaws. This sesns to indicate ogposite rotetion of
the outboard ends, with a bowing effect at the blade clevis.
This could bz attributed to an assymweiric line of actiom of
the centrifugal force ransing different mode chapes in each

hean.

The vibratory chord momente increased proportionately with in-
creasing pesitive shaft angles. The vibratory flexbeamn chord
loads were distributed equally between leading and trailing
beams. Generally, ihe steady loads are insensitive to shaft
angle.

It was noted that thc diffcrencez in fiapping end chord load

distriputions between leading and trailing beam couid be attyi-
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buted to sowe extent to he wind-up in the heaws dve to steady

collective pitch inputs.
Torque tube torsion and pitech link loads are closely related.

9.1.3 Psrifermeace

The hover perxformonce data where recirculation effects did not
praduce tunnel flow above 3.5 knots agrees well with theoreti-
cal predictions. The forward flight deta locks reasonable and
correlates well with analysis. It was éifficult to compare to
fiight data due to the nature of the test. For stability test~
ing the ggal was to test at the lowest damping levels, hence
collective pitch angles, possible. Alge shaft angles were
varied without regard ta the resviting flat plote drey area.
For this reasen, wmost of the test data was at lift and Fe

values not representative of BO-105 flight conditicns.

9.1.4 Flying Qualitiecs
The rotor responded to both lafteral and longitudinal cycliic
contrel imputs within two rotor revolutions after the input was

"

initiated. The response was precise and of the first orger,
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with little or no overshoot. The crozs axis responsze showed
no long term coupling. kesponses to positive and negarvave

cyclic inputs for lateral or longitudinal perturbations showed

gyrmmetry about trim.
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8.2 CONCLUSICONS FROM THE BYR/RTA TEST VELSUS CONCLYSICHS

FROM OTHER TESTS
9.2.1 Wuhirl Towex
The stability results frem the whirl tower and the BHR/RTA test
were nearly identical. Both tests showed increasing stability
with increasing collective pitch, and decreasing dmmyiug with
increasing rotor speed. The magnitude of the fixed cystem darp-

ing from hoth tests were the same,

8.2.2 Flight Test

The fixed system dJdamping data versus airzpeed for 16 level
flight are nearly the same for the BMR/BS-165 and the BMR/RTA,
Both tests showed stability dropping from hover to 32 m iipum
at 50 ¥nots, then increassing damping bevond 60 knots airspeed.
All the test rezults agres in concliuding that the EBIIR rotor

system iz gtable throughoui the flight spectrum.

Thz ground resonanice tests on the BMR/TD 105 were cempavred to
hover results from the BWR/RTA tast. the inherent roltor
stability levels are the same in both cases, but for those
collective wpitch waluez vwvherz a body mode of the 30-105
coalesces with a rotor in-plane meds of the BMR, a destabiliz-
ing effect is seen which can not oceur n the wind funnel due
to the characteristics of the RUA cowpared to the BO-10S.
Therefore the wind tunnel 2HR/RTA confiquratien cznnot be used

to determine the c¢lassical ground regsopance type of instability.
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The flight tect loads and those fLror the BMR/ATA test are in
close agreement for most components. Most differances can be
attributed to slightly different trim setiings betwesa flight
test and the wind tunnel. The twe major differcencas are shoeandy
chozrd bending at 44, and steady torgue tube chord bending. The
torgue tube change is probably due to the hiqhary collective

settings used in flight test trim,

9,2.2 Small-Scale ¥Wind Tunnel Tests

The 1/5.86 froude-gcaled nodel of the BHR/BO-105 had both pitch
and rell degrees of freedom., The magg and inertias of the
BMR/BO-105 were modeled to identify the coupied cotor,/fuselaga
instabilities. Many of the coaclusions from the test relate o
these body mode/roter mode interactione. However, sobe general

trends from that test can be compared to the BM:R/KTA results.

Both tests dewmonstrate increasing fixed system danping as col-
lective pitch ig increased. Free from the effestz of body mo&e
coupling, both the BMR/RTA and the 1/5.88 scale BUR/BG-165
medel show a trend of reduced stability as rotor speed is
increased. The trend of decreasing damping from hover to 60
knots, and increasing danping at airspeeds greater +than 60
knots for 1G level flight is seen in both tests. The overall
conclusion from both the BMR/RTA and the BMR/BO-105 model tests

was that the BEMR is stable for the entire f£light regime.
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9.3 BMR/RTA Results Versus Analvgis

The C-90 computer program predicts both the <frends and
magnitude of fized system dawping in hover. The decrease in
stability with rotor speed and the increase in stability
with collactive pitch are predicted by the analysis. In
forwvard flight the trends are zlgso predicted quite well by
C-92, but the correlation of damsping levels is increasingly
worse with higher collective pitch values (greater damping}.
The predicted damping increases more rapidly than the test
data with increasing collective pitch. It is significant
that the corzrelation is best at the lowest collective pirtch
levels where dJdamping is & nminimum. In this region erpari-
mental damping results are determined more accurately. with
less data scatter, and it is also at thece conditions that the

prediction of stability is most critical.

The apalysis correlates with the 16 level fl.ght results versus
airspesed, and also correlates well with the damping versve air-

speed at constant rotor speed, collective pitch and shaft angle

up to 90 knets. However, at airspeeds alove 90 knots the analy
tical and test retults diverge. This differcence in trends with

alrspead abcve 90 knots regquires further investigation.

Flap bending steady and vibratory moments are predicted by C-60
for both hover and forward fligh% cenditions. C-80 generally
undaerpredicts steady chord bending moments. The degree of cor-

relation for vibratory chord hending moments varies widely, with
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excellent correlation for some conditions and poor at other
times. This is directly 2 function of the convergence capabil-
ity of the analytical iteration proceduxe. An improved itera-
tion technigque or a closed form solution is reguired to attain

better correlaticn.

The corvelation of lift, drag, power andé pitching moment.co-
efficients with the B~67 analysis was geood at all airspeeds,
with the biggest deviations at 144 knots. At the higher air-
speeds, there 13 also soxe deviation between predicted and
measured propuloive force, probably due to some dificrences

in rotor flapping.

9.4 Configuration Changes _

The addition of elasgtomeric damper strips to the BMR flex-
beams increased the structural damping by epproxiwmately 1.2%
and the first chord mode natural freguency by arproximately
.04/Rev. The combined effect was to increase the £ixed
system damping ratio by 1.5 te 2.0% at low collzectives in
hover and by as much as 4.0% at high collectives. In forward
flight at 90 knots the increase is 1.5% at 425 fpm and 4.5% at
335 rpm. This increase was anticipated from results ¢f the

C-90 program analysis.
The total control system springrate was reduced to 8%8% of

tke baseline wvalue by the installation of axially flexible

pitch links. 1In hover at rotor speeds below 425 rpm, the
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softer contiol stiffpess produced decreased darping levels.
At 425 rpm the baseline and softer contyol stiffness configur-
ations showed identical wvaluwes of  danrping. In forward
flight, the effect of control system stiffness was awall,
with perhaps a decrease in damping for the socfter contirel
spring configuration. These yresults are not compatible with
the present understanding of the svsten, and further analysis

and testing are required to clarifvy these regulis.

Similar losads regulhs were obtainzd for the soft pitch links
and damper strips. This was attributed te the change in the
relative stiffness between the flexbeams and the torque tube
lcad paths. The effect was to produce a different blade pitch
angle for the same contrel input, This ir evident in the
steady and vibratory flap bending moments, and the torgue tube

tersion and piten lipk load.
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AC.0 RECOFPIENIDATIONS

It ir felt that further testing of the BMR/RTA system in the

Ames 4D-hy~-00 wind tunnel is warrapted in order to:

Investigate stability trends verpus aircpead a2t opeeds
greaster than 90 lmots. Stobility testing should be per-
formed as theroughly at 120 knets a&s it was at 90 knots.
This testing would also contribute to the understanding of
why the C-80 gpaiysis is apparently not as effective at
high speeds and less effective as cellective pitch is

increessed.

. puantify the effects of a poftexr contrel system ctiffness

Ly testing pitceh iinks which reduce the total contzel
systenm springrate o 75% and 60% of the baseline wvalue.
Test each configuration thoroughly in hover and at beth 50
and 90 kaots. It is loped that this would redace the dise

crepancies found in the results of this BMR/RTA test.

Test additional conficuration wariations, sush as aft

TWeRT The wsapability to determine the effects of

sweep wﬁs pres=nt in this BVFR/RTA test, but this configura
tion was not tosted due to tiﬁe constraints., Other
possible paremster wvarlaticns are the locztion of the
2.5 degree pre—droop angle and the beam-to-hitr pre-

pitch argle.
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Further study the effects of emcitation emplitude and
trim values of cycls pitch on stability, since no
conclusive results were found from the limited dsta
related to this problem eobtained in the BHR/RTA wind

Tunnel test.

Test the BMR over a substantial raznge >f test conditions
at values of lift and FP rapresentative of the EMR/BO-105

aircraft.



11.0 APPEIDICES

11.1 RN LOG

The run Jog for the BMA test at HASA-2mas is preseated on the

following pag.s.
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11.2 INSTRUMENTATION LIST
The following pages contain a compilation of the instrumenta-

tion data for ths tost of the PMR in the Awmes 40-by-80 wind

funnel.
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GUYDE FOR PRELIMINARY IRSTRUMENTATION REQUIREMENTS

e’

A

Meas #, Ttem Description: Parameter name, nuwber, genaral description &
locatiou; alse innlude messuremert number L£f nmy (the number should
be unique).

Car; Category: All parazmsters must be categoerized in priszity. The
priorities ave: & -~ sigoal iose - test abut dswa - sigoal to be
regtored or substituted bafore tesrt continves; B - zignal lose
-~ test may centinue or shut down at option of test epgineer--
mast be repaired or subsiituted befove restart of rest; L - -
gigurl loas - test way coutfoue - sigonal shoui . ve restored durinag
rext run break; D -~ sizaal loas - test to coutinue - to be repairved
as oportunliy becomes available.

Input TSP; Toput Twisted Shielded Pair for each weasurement from wire list

Refer to the Guide for Planning Investigations in the &mes 4£0- by BD-ft

Wind Tunnel for description of the following anronymas, Put a channel assigo-
@ment in the appropriate bex. On the TCS/HS, DAS, DS & 0BS select priority
of imvortance, ie: 1 = high priovity,..., 30 = lewer priority. On the OGR,
CRO, DPM, & POS rzelect the channel assigmment in accordance with your
groupitg requireunents.

HS - High Speed Data Acquisition Svotem

TCS - Trarsducer Conditicning System

DAS = Dynawic Analyvsis Svsten

DRS - Dynanic Recording System

BFT - Band Pass Filter

OGR - Visirorder (Oscillogzraph Recorder}

CRO - Oscilloscope {Cathode Ray Uscilloscope)
OBS - On-Toard System

DPM - Digital! Pausl maters {(CTR - Counter)

ST - Special Iustrumentation Interiace

PDS - Peak to Peak Display {Peak Detector System)
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'cungz FOR INSTRIMENTATION PRETEST DATA

Item Descristiecn & Location: Parameter name, number, general location.”

FIrans Tvpe, Transdurer Tvoe & Resistance: SG -~ Stroin Gape; Precgs -
Pressurc; Rec Pot - Resistance Potentiomerter; © - Evides: A - Accelleromster; Lo
ect... ie: 25C 3 350 - doable stralan gage bridge 350 chm & active legs;
SG Press 120 - 120 ohm strein gage tyoe soressere transducer 5 active legs; AR
ESG B 120~ 120 ohm stredin gape 1 active leg; e.t...

Eng Uaits, Eﬁ;inecrinz Units: List the engineering units which w11l be St
vsed during the test for each parawceter, fe in-lbs. .

Ex V, Excitation Voltape: Ranges available: 0-20V & 20-40V. Refer to
Transducer Conditioning System in the Guide for Planuing Investigations in
the Amep 40~ by BOft Wind Tunnel, for further infermation.

RC K- . K Cal Resistor value: Resistors avaiiable are: 50K, 75K, lOOK,
125K, 150, 200K, 250K, & 500K,

Eng U Eqcuiv, Fnginecering Units Equivalenee: Equivalent lcad in engineering
units to corresponding R Cal resistor. RS

Lead/MV Cal, Load per Millivolt or Volr Calibration: The Calibration of D T
the respective transducer. Specify /XMV or /V. ' .

Eng [! Tare, Enpinecsine Units Tare: Tare load at rest or “parking®
sosition. o,

Pos Sig Direct, Positve Signal Direction: Positive signal direction
relative to physical direction si paramererv being measured. ’

Filter Freg, Tilter Frequenev: The frequency of the low pass {ilter on
=he high speed data zcguisition system. Frequencies availagble are; 1, 10, .
3p, 100, 300, 1K, 10K, 100K Hx,

Expvected Sig Freq, Exsected Sicnal Freguencv: The band width of the
expected frequency of each parameter.

Fx~ected Sig Eng U, Exrected Signal Enrinesrioe Unizs: The axpected
cperating range iv eunginevring unils.

D ?, Diazrem 7: Wirieng diagram of related parzreter should be supplied.
=sert & ves or no if the diagram has bceon submitted 2.8 is comnlete.
; 4

Define any acronyms used on a sesarate shaert.

556
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11.3 TABULATION OF BMH/ATAR AERCELASTIC STABILITY TEST RBRESULIS

Table 11.1 is a compilation of asroelastic stabiiity data for
the BMR/RTAE. The table shows ryun numbers and corresvonding
test point pumber if trim data was taken of the test condition

just pricr to obtaining stability data. Test conditicns, Lfype

of excitation, wagnitude of eagitation and the parrretsy used

for determining stability data are shown. Stability data are
shown in terms of rotating and fized systen damping and time to

half amplitude. The tcst configuration is also indicated.

Definitions of cenfiguration, table headings, etc. are given at -

the end of Table 11.1.
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TABLE 11.1 COHPILATIOS{ %E)BHR/RTA AEROELASTIC STABILITY DATA

(S11 1 0O
. COUF 13 KUyl TEST POINT .V CKHOTS)  THETA CDEG)
ALPHA - (DEG) RIH THRUST <LE) TYPE ERCIT MAG EX <CT3 | comenT
OMSZET CHZ)  CETR ROT 3D ETR FIN D © U GRRGE D CYCLIG
THALF (SEC)Y .
L. G 5.00 1. G0 a,an 4.00i |, INITIAL
: -19, 09 353,00 1450, 00 1,00 soQ.ap: |, HOVER
: KRN 1.19 4. 05 1.80 LPRUIE I I DATA
! 2019 ' :
; £, o 5. 00 5, 00 @.a0 4,00
~10, 00 375, 00 1550, 60, 1.30 500, U0
~ 130, 08 1,20 355 1.00 @.00
kXX
1. 60 5.00 .00 0.00 4.0
C 10,08 JOR. 20 1790, 00 1.00 S00.00
T 1.30 3.23 1.00 2.00
1.79
1.00 5. 00 8.00 Q.00 .00
~10. 00 425,00 1935, 00 1.900 564, 00
T akek Col.00 Ca.18 S 1.00 Q.0
1.00 §.00 o e.an 9.0R o0
~1a.0n 15,00 aro. 00 1.00 S50, 80
Kk a.ou0 232 1.00 0.389
2,87 .
1.0 5. 00 11,60 Q.60 4,00
-1Q, oi 436,00 2060, 00 1,00 500, 00
 kkad 1,20 2064 t.on Q.98
/ 1.7 -




€Ls

TABLE 11.1 cCoMPILATI
[(SHERTD

)

.

CONFIE
NLPHA CDEG)

RUH
NS}

TEST POINT
THIEUST L&)

VY OCRKHATS)
CTYPE EXCIT

2§ gg‘BMR/RTA AEROELASTIC STABILITY DATA

THETR ¢TEG) !
HAG ER (0TY.

CCMMENT

RIS TR S

T e e gy, e .

QM ZET CHZ» ETH KRAT %3 ETA FlX GAGE D CYoLIc
THALF ¢3EQ :
1.00 .06 2.0 2.00 4.00'
-10.00Q 350, 00 1550, co 1.00 San. a9
4.62 1,490 5.15 1.00 8.84a.
ln ?u..
1,09 €. 00 5. 00 a,ea 6,080 i
-18. G0 350, o1 3275, 00 1.80 S99, 88 . g
4,75 2,600 9,19 1.89 G.9a i
u.93 ;
1,00 6,00 .00 . 6o 4.08 E
~10. 00 350, 00 2345, o0 2.00 125,60 ‘£:
4,50 2,60 Q,57 1.00 9. 86 |
8,92 | , A
1,78 €.00 7.00 0,00 4. 00
-10, &g 350,00 165S, a9 3.0 125,00
1,63 1.:208 6,53 1.00 @. a9
1.34
1,990 .00 9. 00 G.00 2.80
~1a, a0 349, 00 850, 80 3.09 125,00
4,53 8.90 249 1,00 3.00
2,65 : .
1.0 &. 00 3,00 a.90 2, 99
~-10, a0 399,00 250, 20 i.a0 500, 60
4.5 1.5 4,50 1.680 8.00
L
|




bLs

TABLE 11.1 COMPILATION OF
(SHEET 3 OF 33)

EHR/RTA AEROELASTIC STABILIT¥ DATA

COHFIG
ALFPHIL CDEG)

RUH
INSH

TEST pPoInT
THEUST (LB

¥O(KHOIS)

TYFE ENCIT

THETR ¢DEG)
MRAG EX (CT)

COMMENT

M ZET CHDD ' ETR ROT <) ETH FIX (&) GRGE D CYoLIG
THARLF (2ECY . . :
1.09 €. a0 14, ao 13,00 O.QB
=18, an 35600 1S, a0 Z.00 125,00
1.75 0. 80 3.2 1.4 Q.00
2.95 ‘
1.449 6. 1203 15,608 2,00 @, 0Q
=189, 00 358. 00 S5, ar 1.60 50@.09
4,63 9. 53 2,00 .64 fB.Bu
4.73
1.a0 Y08 3. 80 d.an 8.@@_
-1, a9 ars. an 3IraG, oo 3,90 125,40
4,502 2,87 TS 1.00 8.30
a. 24
.93 7.0 4,00 a,.a0 @.90
~14. 01 a¥5.04 2745, 44 3,00 1“§.g1
4.75 2.49 F.l2 1.480 "B, B9
8,25
f.08 ¥ S, 00 Q.00 '6.98
-1a.a0-° IV, a5 2745, GaQ 2.40 San. 00
4.75 23 &. 69 1.00 7,8
1.482 .
1.4 700 4. Q0 Q.00 6.9& .
~18. 00 275,00 2745, 0646 2.00 S00. 608
4.7% 2.50 G.57 1. ad 8, 00
|, 114
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TABLE 11.1 COMPILATION OF BHMR/RTA AEROELASTIC STABILITY DATA
: : {(SHEET 4 OF 33) i ‘ -

COHFIG FUN TEST POINT 2y (KH?IS) THgTR“(QEG)g S
ALPHA (DEG) RFI - THRUST (LB) TYPE EXCIT . MAG EX (CT> 1 comeny
0 ZET (H2) ETA ROT (&> ETH FIX (0 GAGE p_C\LL.lJ . )
THRLF (3EC) ] ) I

(17 > ¥ 13 ¥ K “.E‘G;
Q0 vy 2,00 f.00 i ‘

-14.006. 375.89 1345, 80 «  2.80 4}8.98;

lg.gg Q‘J.SE S5.38 i I,DD ‘B.UB!
1.30 , 3

_ . e o o 30
.00 8.0a <4, 80 u.og _ 11.;._:

~16. 69 400. 00 E217,80 « 2. 88 © 309,80 .

405‘3 4.5@ 1(’011 1.9‘ i U.UB:
.53 : : ‘
1.00 .00 3. 00 8.0 - _1@.00

-13,050 0. aa a620, aa afu@ 5 398,18

$.653 4,328 ' 2.0 l.@q : B.BG
0,55
515 X D0 (: ; . 06
1.04 8.00 f..gn_J }1._60 E‘.L_‘
-10,.00 40a3. 00 4425, 04 2,686 _1?§.@b
4.75 2.30 6, 80 1.80 U.UD
8.81
1.00 g.u0 b 5,00 »i_E.G@
-1G.00 S$03. 00 3090, 0 2.00 QUG.QU
4.75 2,30 5,55 1.00 Q. 60
1.a2 .
19 "y o ., ¥ " 4 B‘T,
’ I.UU SCUD '3'99 E.BE‘ IEO : .
~-10.095 425,04 63086, 00 2.049 25@.05
4.76 S5.29 17,35 1.862 0,08
1,45
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TABLE 131.1° CCMPILATION OF BMR/RTA AEROELAS

TIC STABILITY DATA

ALFHA (DEG)

CONFIG

(SHEET 5 OF 33)

RUN
RFH

TEST FOIHT
THEUST (LE>

¥ OCKHOTS)

TYPE ENGIT

THETR (DER)
MAG EX CCT)

COMMENT

O ZET CHZD ETA ROT () ETH FI¥ ¢ GREE D CYCLIC
THALF ¢ZEC) .
1.00 8. 00 3,00 2,90 3.408.
-193, 00 425, (n 4799, 00 2,00 275,00
4.75 3.29 &, 54 1.60 8. 00
8.72 o '
1.06 .0 11.0ua 0. 00 11.08
-1, o 414, @0 981,00 2,68 250,00
4.75 6.2 12,89 1,80 Q, 00
a.38 : ,
1. 00 8. 08 12,00 0. 09 10,08
-1, 30 115, o0 5750, 08 2.00 200,00
*RER 4.30 2,01, 1.00 a.60.
o, S5
1.00 g. o9 13,00 0.00 8. 60
-1, Bi 415,08 4585, 03 2,80 200, o8
1,75 2,60 5. 60 1.00 8. 6o
1,94
1.06 3. 08 14, 00 0,80 7.00
-1, 08 LS, a0 3995, 00 2.60 150, 06
4.75 ATE £, 00 1.00 VNETS
#.25 . =
1,00 12,00 2,08 0. 80 &, 1@ NONZERO CYCLIC
-1G. 00 375, 00 2775, A0 2,00 30, 6 TRIM
L kmaw 2,23 6,79 1,60 @, 00, :
1.7
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TABLE 11.1 COMPILATION OF BMR/RTA AEROELASTIC STABILITY DATA
{SHEET 6 OF 33)
COMFIG LY TEST FOINT YO CRHATSY THETH (DEG?
ALPHA (DEG) FFM . THRUST <LED TYPE EXCIT MAG Ex (CTY COMENT

o ZET (HZ> ETH ROT (X) ETR FIX (XD GRGE D CyCLIC
THARLF (SECH ' '

{.4a4a 12.80 S.00 9.0 .10

-1, 4940 275,00 3va0.4a8 2.00 388, 30 .

. 4.29 3.95 10,24 1.00 0,00

g.c1
1.40 18,00 5.8 9. an 3.80

-{a.ai 2V5.00 3vR9. 80 Z.08 3090, 64
kkkx d.1E 11.54Q 2.p6 8, a0
0,53 ' '
1.00 1z.00 5,984 A, 8 4.20

-10.09 I75.00 1925, 048 2.80 250,80
4.75 . 1.47 4.33 1.60 .68
1.81 ' .
1.40 .00 s, 00 2,00 .29

-13, 40 37S.00 1925, 00 2.00 258, 08
4.75 1.44 d.29 z.80a G, 08
1.54
.09 2.0 s.aa .09 19.30

-10. 00 405,00 5755, ad .00 280,00
G.E3 4,67 19,29 1.0 a,ud
0.51 .
1.00 12.00 CoG.an ¢. o0 £.30 .
J.58 e .60 1. an 0.08
f.5%




f“)I

oADLE 11.1 COMPILATION OF BMR/RTA AEROELASTIC STABILITY DATA
(SHEET 7 OF 33)

COHF I

 (KHOTS)

“puM . TEST POINT THETA CLEGY. o
ALFHA ¢LEG RFHM THRUST (LED TYPE EXCIT MAG EXN (CT) COMMENTS
ar 2ET CH2Y. ETR ROT <xx - ETA FIX (XD GRGE D RYCLIC
THALF ¢3SECY '
1.0 12.08 14, 00 Q.0a &.3@
-1&. 00 a6, 00 3200, 08 2.00 200, 60
4.75 2.02 4,74 1.00 @, 08,
1.1¢ -
1.08 12.00 T T mawk 8.60 4.00
~10., 00 405,00 aknk 2.80 302,08
4,75 1.3 .44 1.60 Q.00
1.682
1.00 12.00 11,00 0. 00 1Q, o0
-10.00 425,00 - 8290, 80 Z,00 200, 00
Kkkk 5. 62 11.19 1,008 g.80
A, 42 ‘
1. 06 12,00 12,90 @.0Q 3.24
~t0, 60 424,00 47H.00 2.00 =50,00-0 Lo
Akk R 6.459 13,31 1.00 0. 09
g, 36
t.00 - 12,00 12,00 a.0a 2.20
-1Q. 20 434, 04 4TS 00 2.0 250.00-
T kR 2,90 €. 08 1.00 @, 00
.78 .
1,00 12. a0 12,00 g.08 &.30
-1, 00 425,008 3615, 00 z.00 250,909
4.89 It 3092 1.8 0. a8
1'.‘3..'_': ’ N
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TABLE 11,1 COMPILATION OF BMR/RTA AEROELASTIC STABILITY DATA
(SHEET 8 OF 133) ; i
COIriG AT TESY FOINT Y CKHOTS) THETR C¢DEG)! COMMENT
HLPHA (DEG) RFH THRUST LB TYFE EXCIT MRG EX (CT)
M ZET CHE ETR ROT (%) ETit FIN (%> . GAGE D CYCLIC
THARLF <SEC) : '
1.00 12.04 14,00 .00 1a.10
-10,00 $10.00 LHe05.00 2.00 3258. a0
Akkx 4,83 Q.74 1.90 0,80
a.52 .
1,00 12,60 15,00 3.080 8.30
. =1g,00 418.00 4S20. 00 2.00 400,00 .
Rixk 3.64 8,42 1.69 9,00
Q.4 _
1.a0 12,40 16. 80 a.00 .30
- =10. 008 4184, 19 3381, a0 2.00 35a. 040
L 2.13 4,82 1,00 a. 00
' 1,39 .
L.an 12,00 iv.on .09 4.30
-1, 00 J10.0n 2180, an 2.88 3@, a0
4,75 1.5 3.42 1.800 @.00
1.57
1.00 13,00 2.0 9.60 5.50
=16, 00 0. a0 2966, an 2.04 175,80
Tk kk 1.758 4.21 1.80 8.09
1.33
1,800 13,003 300 G.00 4, 50
=10, 00 becpe B B o 2055, 06 3.00 150,03
Axxk, 1.5% 3.84 . . an 0,00
1. 50 :
S— A ~ *
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TABLE 11.1 COMPILATION OF BMR/RTA AEROELASTIC STABILITY DATA
(SHEET 9 OF 33)

COUFIG
ALFHR (DEG>
oM SET (HZD
THALF ¢SED)

eyt RUH
: RPN
ETA ROT <)

TEST POINHT
THEUST (LE?
ETa FIS

Y OCKHOTSY

TYFPE EHCIT

GRGE

THETR (DEG)

MAG EX {(CT)
o cyYcLic

COMMENT

1.00
15,6008
Takkk

(]

;.

5 Pl
TR T -

F X
DR

.
0 o* &

!
—
12—
. »
U]
[arC )

. i. lil 4

13,00
$16. 00
2.09

12. 008
415. 00
1.54

13.0a0
420,00
3.60

13.48

420. 00

el

13,00
421,00
2,22

b

[
— LY

S

-
ol

Dot
T

4,04
3220, 89
4,37

5,048
2161,489
.47

5. 00
G, 08

PRELs

(o4
[ax]

7.0
GE01, O
f.a2
8.0
5795,484
4,72

~180. 49
~ 1@, G5
3.12

&, 6o
3.00

1.6848

a. 60
3.949
1.00

o Dy
@

e O
« w »

@. o0
2.00

1,50

-
M-

[unl v n]
PRl

0.60
3.00
1.60

5.0
;50,00
G8.84

4. G
156,008
g.04

10, 50:
125,90
.09

s

]
P ~}, R
"\ ,,-‘s-.‘:u
v o e




TABLE 11.1 COMPILATION OF BMR/RTA AERdﬁLASTIc STABILITY DATA
~ (SHEET 10 OF 33)

18¢

COHFIG . RUH TEST POINT VO CKHOTS) THETR (DEG)
ALFHN (DEG) RFM  © THEUST (LED . TYPE ESCIT MAG E® <CT> COMMENT
O ZET <HZD) ETHR ROT (%) ETR FIs (%) - .. BGAGE I CYCLIC .
THALF ©SEC) . o ,
1.40a 13. 0 9,80 £8,8a 4.56.
~1a.00 125,80 2281, 04 3.00 125,00
4,38 1.42 3.03 1.60 9,09
.51 :
1.0 13.09 19,00 0,80 16,320
B 5 D & 1 408, @i 5231.60 3.03 150,80 \
*kk ok B35 14,17 1.60 (S s {5
0,28 ;
i.08 13.01 11,06 . a6 8.40
-1a.00 399,00 4261, 64 L2.81 156,00
4.53 3.4 2024 1.00 0,80
0.8
1.a0 1. 810 - 6. 00 S, 00 2.50
-5, 00 S dEd, 00 6474, a8 2.080 125,80
T okkkk o e YT Toda 1.80 3.08
0,83 '
1.08 14,848 7.008 29,70 720
-5, 939 26, 00 Qo9s, 00 3,60 150. 60
d4.75 3.37 PRI 1.649 a.a0
(5 DA ' .
1.83 1. G0 ; .04 &9.89 5,96
~5. 80 424,00 SEER, O 2,80 158,00
LEE A 2.28 F.7V 1,806 8,99
1.2 L

e t———— g,

R e e b e M WA g e s § A e

P TN et
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TaBLE 11.1  coMpInLA®ION OF BMR/RTA AEROELASTIC STABILITY DATA

(SHEET 11 0OF 331)

COHFIG 2L TEST POINT Y OCEHOTSY THETH (DEG) .
ALFHA CDEG) _ EPH THREUST <LB) TYPE EACIT HARG Fﬂ 'LI) ‘f  COMMENT
0 26T (H2) ETa RQOT (3D ETH FIX <%y GRGE D CYCcLicC
THALF (SE

.08 14.00 2,84 20,489 4,00
-5.090 424,00 297R, 68 3.809 152,00
k&K 1.33 & 1.89 .ua
1.-'?5' ’

1.00 14.00 15,84 20,130 2.78
G.on 424,00 2n9es, an 2.849 125.00
YT 1.05 2,38 .08 2,8a
I

L.@0 14,00 11,00 29,10 E.10
=&, 00 424,00 3342, 00 2.8 135.@8
Akdd 2.19 4,81 1.008 a.08
.05

1,60 14.00 12,00 89,50 4.80
"E:n ‘]D 4250 DE‘ 2-'- 2l Dn 3. UG 12'.3- l.”j
“n:.:.":‘: 1-19 L-I\Jh IQUB Q.BU,
{1,927

.00 - 15,00 2,81 ai, 30 2.18
-3.80 426,03 6223, 013 2,00 ESB.QGu
kkkk 2,73 a4 1.68 0.0
.82 .
1,0 15,00 3,08 23,20 C3.1a
-3.88 425,00 5463, 04 -.0n 251,04
Ahke 2,97 5. 86 1.99 f1.03
1, 72




£8§

. TABLE 1. 1 . 1

{aUEfer

12 0 _33)

COMPILATION OF BMR/RTA ALEROELASTIC STABILITY DATA -

-

CONFIG
WLEHA CDEDG
OH ZET ¢HD)

THALF YZEC .

Fgt
14
ET FAT o

TEZT FOLNT
THELEET YLED
ETrt FLx <%

SRRV

TYFE

EALIT
GAGE

THETH (DEG)
ARG EiD CCT)
[N AN B

COMMENT

1,600
~3Z.10
RAAR

D
ce s

1,09

-'Z-'- 0‘3
BT T Y

B.e1

1.0
=1, 413
T hkhk

l . :'4

1.t

-6 . l‘“:‘
ETXL

3.42 )

15,00
“ -i 5 . l.-“J
3.2z

15,00
425,01

3,50

15, 1)
45,00

2 » :'.“

15,60
* " :‘:" . ":".‘

1.71.

15,00
425,00
0. '5"‘

15,00
4295, 1

4.0

—
S
=~}
o2

¥ Nt et
A o]

G

-

. 6.‘30
526, O
Iy

L =]

RPRALY
S4B, 10

d. 6’;’

ERLAD)

356,00
ce &l

101, Q3
aele, ol

Y 1A
St

11,00
G752 00
2,20

53,248
:': .' 0‘3
1.00

s En

f.on

3.20
2nd,. oy
0,00

5.00
53,00
3, 00

£.10
250,13

a.00

4,10
S0, o
3,00

1
16

QD

Ny

25

13
<
. o o
- -
o=
D

2,10
150,09
g.00




[41]
T
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TABLE 11,1

COMPILATTON OEJUMR/RMA.PFROBLASTIC STABALITY DATA

(SHEET 13 O
COHFIG LIt TEST FOINT Y KFHDTb) TUETﬂ (DQG)
nLPHA CDEG) - s THFUST vLED TVFPE ESCIT WAG EX (ST | coMMENT
ol CET CHD ETR ROT %0 ETR FIX 5 LAGE - o oCveLIC
THALF (SECH . .
1,00 15, 001 12,00 59, 5 5,10
-3 00 425,008 $5aEE. a0 z.00 153,00
*hhk 3.240 5,93 {.00. 0,00
G. ?:')' ’ :
.00 15,0 13,00 53,70 .20
-2, 00 $25. 00 4503, 99 ot 350,90
ARAR 2,01 4.2 f.00 Q.UU
1.195 ‘ :
1.0 ‘ 15, o0 14, 00 53,70 4,10
-3.00 406 ) 203, 00 2000 304,00
ArhR 1.22 2. 51 1.00 2.0
1,57 . v .
L.BD 15,00 15,00 en,. 10 3,19
2.0 425,00 203, B 2,60 225.Up'
-IUU o 0.80 1.5V - 1.99 0, .0
26 ’
{.0n0 16,103 4,00 {2a,00 3.20
~E. 00 425,00 432z, nd 2.00 150.00
s 2.2 4,50 1.00 v,
1,09
Jand 16,600 S0 120,80 B2
-G, 00 ’ A 2%, ;.nh.nu Z.au Tho
A k2 A Q‘::l‘ s.o ;‘|',.. 1-0':‘ .:‘ DU
1,652
2 ! '

i
A
i
Lk
+

:

H
1
i




A ]
TABLE 11.1 COMPILA’I‘IDN o BME,’ETA AEROELASTIC c'I‘I\BII.I'P; DATA
(SHEET 14 OF 33)

CONFIG U 1€5T POINHT Y EHBTS) THETA (BEND :
ALPHR < DEGH FEN THFUST <LE> TerE EZCIT HAG X2 0T COMMENT
oM 2ET vHZ ETH POT ot Eln FL4 <o LHGE noCYCL I
THRLF «ZEC)

1.9 16,00 - e, a9l 119.70 4 20
-, 1) 3295, 0l 13%5E, 00 2. 00 150, 00
sann 9, ) 1,93 1.00 .90
2,54

1.0 16,013 7,00 120,060 2,10
=500 4 0N 4226,80 2.09 ...no

1 khAR T 4, 1.60 0o

0,98
: 1,00 16.00 . G0 119.70 5.20
T AL J2G 10 S QY , 0 2,00 175,30

kAR 1.4 2,59 1.600 0,08

l 1] I'E:'; .

1.0 o isunn a0 119,20 %.20
-3.00 J2d, 0 e XS PRI 2.00 150,082
sann 1.13 I B .00 4,00
2020 _

1.00 7.0 2,0 127,28 5,10

=10, 00 A20 . e ISy} 2,00 * 209, 09

4,79 2o 1,49 1.00 .00

1.0%

a0 1700 tana 143,60 a, 00

-10, 6010 425,00 SRAA 2,09 200,00

“ . T‘.l' 2- .‘_") " . '."-:' l . 00 0. Dﬂ

1.02

et et o datt < P w0
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TABLE

11.1 COMPILATION OF EBIR/RTA AEROELASTIC STARBILI'TY DATA

{SUEER

la. g 23)

COMFIG
ALEHA CDEG)
M ZET CHP
THHLF ¢ZE8L

ST
FEN
E11 B0 2D

1€sT POl
THEUST (LB
ETR RIS ¢t

VO HnT S
TVFE EOCLT
NHGE

THETR CREGD
MG 62 vC)
D ooveLIG

COMMENT

§.00
-1, 0
$.0%

1.12

-1

-l 1T -

-
=
— 00 D

1.0
-{0, 00
4.5
IJ 'y ":‘ “

1.0m)
<12,
"‘ ?‘;I

0.5

1.00
~12.00
4.75

[ 1

1.0
~1z.nn
B ]
116

17600
J2%., 00

-~ -
So

17,11
R ]

12.00
$25.010

N F

13,00

J25.00

Z.45

12.000
G Barryily

Do lits

18,0
TR0 PN
2.1

oy
:
-—
ro
Syl
L4 . L4
D)

O—v:t
(Dl

5,00
1947, 1

3 l:{:_

DY IX

38k,
" » ‘:“‘
o, 00
R LY
R
" . ‘:‘t’
S0, 00
‘v’ » :’::,;
EPRS )

2445, (1
. " . ':."’:'

143,40
.00
1.00

143,20
Z.0n
1 .'0(’

144,10
2.00
1.09

142,60
a.00
.00

143,40
3,00
1,0

14%.21
I} ]
i,0u

Sl
175, 00
0. 00

Vol
| I T
0, N

11, Q0

11, 0O

1t. 20
1040, 09
13, 110

f8. 30
0,00
1, O

PR
10, Qa
v, 00N
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TABLE 11.1

COMPILATICN OF DMR/RTA

{SHEET 16 _OF _33)

AEROELASTIC STABILITY DATA

CONFIG
ALPHA © DED.

PUHNH
EiH

TEST POINT

" THEUGT “LEBY

¥ (FHOTS)
TVFE EXCIT

THETHR (DEGH
ST TP O M o

COUMENT

oM JET JHD ETn #0F L) Ein Flo o GHGE p CecLIC
THALF _(3EC) ‘

.00 19.00 18,00 G3.80 R T L
=5, 00 ITH.00 3redd, ) 3,00 150,00

40 38 3."‘!” :3t41 lOUD '0-':“:'

‘- . }'2

f.00 12,0} §3, G0 0. 10 7.20
~1a, b1 335004 314,038 2.00 200,00

4,50 C’o < { 1.'1.'? i '00 ‘.‘10‘]‘3

0,04 ‘

1,00 15,00 199, 1113 25, 80 .00
-5, 0N 435,00 2304, 00 3.90 230,00

4,50 2023 A, 49 1.0 g, 10

1.97 _

.00 19,00 20, 00 90, 00 4.09
-5, 0D a5, 03 1479,.u) =, 00 125,00

i.00

1,00 13,0 21,00 £9.70 2.00
=, N 4as.un e 15,00 .00 {30, 1A

G0 v.59 d, 0% {00 0,00

2.7

1,00 19,00 1,00 “, On JEan0
-3, 006 as5.nn 2va5, 60 3.00 100,00

2,82 11.1°¢ 1.00 0,00

4, ?'.‘

Q <Y

p ’ )

e i
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TARLE 11.1 COMPILATION OF BMR/RTA
(SUEET_17 _OF_33)

'AEROELASTIC STABILITY DATA

TERT POINT
THEWST CLED
ETH FILL 220

CONMFIG Pl
ALPHR (DEG EFH
on JET CHID EI1 0T v%0
THRILF (3R

-4 CEHDTS)
TVeE EXCLI
GAGE

THETH C(DEG)
MG EY 0T
D CYCLIc

COMMENT

3% 19,0 e

1.0 2.0
-5, 10 335,00 B P i
4.573 T3
1,00 13.00 &3.09
-3, 0 335,00 1162, 60
d.73 1.23 5,34

1.3%5

1,60 1. nn 20,00
-5, 00, a5, 4 125, O

.53 g.¢1 2,03

RS

1.00 Z0.00 5,00

SRS,

143,39

S TRAD ) U5, 1008
4,63 d.5¢

.62

9,20
Z.00
1‘0‘.

89,90

3. 0"
t.an

8’;" . 60
2.00
1.00

25,80
%, 00
1,00

—
tv
WO Ry N0
PR
b R ]
QO

4. .:10
103,00
a,09

2.80

103,00,

1Y, £

1. 10
125,010
0, o

1,06 20,00 q4,00 39,59 2,00 3
=5, STV T Ji320, 1 3.80 125,00 i
J.073 : Do FoE9 1.00 0,600 *
.72 :

0o 20,00 5.0 RS o g.un ;

-, 4110 BIXTS IR IS 3% 10,00 3.00 124,00 ;

4.7 1.8 4.53 1.00 ST 3

1 . 24 . ._‘.

. 3
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THABL™

11.1 COMP[LATIUN‘OF BHUR/RTA

(SHEET 18 0O 33)

AEROELASTIC STABILITY DATA

CONFLG
HLPHR (DB
o ZET JHIY
THALF C=EDD

Fun
i
ETi POl 5o

TEAT FOTHT
et LE

1 FLE o

TR
TyPE LIIT
Gl

THETH < DEGY
RTLAE SRTCI Y
Spovyne i

COMMENT

| IR
-5, 13
S B

PR
2.0t

1.0}
15 e I3
" . ;-5

20 :""

1.0
- i1t
d.63
0.e3

1,411
-2,
g.7%
e ¥ f

f1,1

1.8
-GN
'l . -l’.:.'

1,44

| PRI
-0, 00
4.7

P ’ ‘.’

Tep, b

G, 0
1,14

Z6 0N
LG, 11
0,

EOPRLL
A0, 1

I
- . -..-

sy, un
RYNTR PR A13]
.

RESMAD))
STSLOARATY
1.0

Ty, 0y
S, s
1.0

o, vy

PR
Zathn .
A T
oy i

7.0
Se0, U

Lele

T, 1y
S8, a0

2,01

a,
8 I o Y

CR X

111, 0t
TRT B
P

11,008
TEV

P
PSP LA

£, 30
3. 00
1.00

a9,.9
3,60
1.00

an, il
PRI
1.0

RENLN

EALUY
1,80

S0,
.00
§.08

&, a0
2,00
.00

4,10
125,00
G, 10

S S 1Y
2%, 0n

10, 03

103, 16
125,00
13,00

S T
125,00
o o LILS
LR IY]

LY
105000
£, 00

4.0
2%.19
0, 130
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CPABLE 11,1 COMPILATION OF BMR/RTA
(SHEET 19 OF_33)

AEROELASTIC STABILITY DATA

 CAHFIT FUN TEST POLNT
ALEHA (IEG) FEM O THEUET CLES
o ZET CHIM o ETROROT O EfH FIZ 0
THALF ¢2EC :

Yy oOCENOTSY

TVFE ELCIT

- o e

GRGE

THETH (DhL6)
HAG EX 0T
I CvCLicC

COMMENT

1,00 20.00 12,00 S0, 00 200
-3, 09 QA 0l 34, O 2,00 125,00
$1.75 3.7 1,20 1.00 S, 005
3.1
1.0 21,00 19, 30 .00 S1a.00
-14,00 GE7L 00 200, 00 EPRS 1Y 12450
‘; . ’;:: e ':'5 :-':o :":.' 1'. U‘:’ 0 . ':“3
1:10 .‘l '
1.00 . 21,00 20,0 9, un 2,00
-1, 010 433,00 97RO 3,00 125,00
4.75 3.6 5,92 1.6 i, 00
‘:‘1'3“ B
T ———
1.y 21.0m 1.0 0.0 g1 CYCLIC
=10.00 AT . ) o PO R 2. 250,00 TRINM
.63 2.13 G 1.00 1.00 VAR.
1.19
1.0 1.0 :;,nu .00 G, nn
-1, 00 3760 Cesva.ne . 250,00
C A 2.7 vedn i.on 2.0
[ SIS
| I 21.a18 ‘ 22,00 .. an i 5. 10
~10.u00 ‘S an 2¢lu (R1¥] P Y13 24913, (1)
4-}:‘3 . ns.l..i : ’Ju \”. ’ l-Ul‘ ’;:.':'U
1.05
) 7
;-
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TABLE l]fl COMPTILATION OF ‘BHR/R

{SHELRT 20 OF_ 33)

IA AEROELASTIC STABILITY DATA

COMHFIG
ALFHA CDEG)

ofl ZEY CHID

THALF (SECS

Fun
_ FFI
ETHA ROT <%0

TEST PATHT
THREDST St
Ein Fla (%0

WOCRITSY
TWIPE ERCIT
LRGE

THETR (DLEY
TSI PN I
Doy b

COMMENTS

.00
S LU Y]
J.e3
1.24

1,45

1.0G
-10,.00
4.75
1,12

1.0
=$0,1m
ot . ta E:

l. 11

2o
-10.,00
NN

o hy

Zi.00
IVS. U0

1.0z

" -
< ’ PERLY)
A5
sy

L =)

21.00
305000

coul

a1
IT5.00
1,40

RO WA TR
IVH.u

< (34
i ! :

.
e PR LN
2750

g

L]

2, 0
S3420,00
11.7%

1,00
2.0

T 1.06

11, un
2.0
1.00

0, 00
Zoun

1.6u

.-ﬁ,nu
- IX
S ll.on

s,
P 18

1,010

-_—
o o o

Do
(R

i

=
s

.00
KT E T
4.40

B
SSn.u0
£, 0

=, 010
LI, an
0,10

c. a0
S0, 10
0,09

$.00
200, B
0, (g

CYCLIC
TRIM
VAR.

EXCIT.
AMPLITUDE
VAR,
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TABLE 11.1

(SHEET 21 OF

COMPILATION 0§3BI~1R/ RTA AEROELASTIC STABILITY DATA

CONF I

ALPHA CDEG).

FIH
) FEH
ETH ROT <%0

¢ CKHRTS?

TYPE EXCIT.

THETR <DEGD
HAG EX (CT)

COIMENT

UM ZET <HZD ETA FId GRCE I CYCLIC
THALF (SEC
2,00 22,00 .00 Q. o0 G, 00
-10.499 4130, 00 nnES. oo z.00 300,09
4.75 2.48 .21 1.0 0.00
S 3.95
z.00 22.00 3,00 .00 0o
-181‘:“:‘ *‘IU.GU "]5. 315 3-U‘:‘ au s Y
4,75 3.3% Tt .00 G.u0
a.7vo :
-10.00 425.00° ©d, 00 2. 00 22%.00
4.7V5 3.29 .78 1.00 0.u0
.71 v : .
2,00 22,00 . 00 @, o0 €. 0u
~-10, 09 37S.00 240,00 g.0n 403, 00
4.63 2.1 €. 1.09 .00
.99 .
2,00 22,00 7.00 0. 00 5,00
-10.00 4000 RGTRSTR Y 2.0u o, 0u
47D 2.22 G.3%9 t.ou .o
1.05
2,00 22,010 S 0., 0o .00
-1, 00 410,00 aras,.aa .00 250,00
4075 1.80 4,09 1,00 (UL
boae :
’
f
1

L e g

PR
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TABLE 11.1

(SHEET 22 OF 33)

COMPILATION OF BMR/RTA AEROELASTIC STABILITY DATA

WoCRHNTSY

THETH

i

COHF IG (U TEST FOINT L :
ALPHA CDEGH INHE] THRFDET CLED TVPE ENLIT MRG EX 0T COMMEN'T
o ZET <HDD BTN ROT 050 Ein FLd (ur CAGE D CYCLIC . :
THALF (SELY

2.0 oDe.an o, s i, gu &, uy
-{qa.0n 4.4 ol 275, 00 Z.00 2ua, Oy
f.00 1.00 J.7 1.00 0, 08
.28
2.0 a22.000 10, ol (S PN LY) a.1n
-1, 08 30,00 ﬁcuu.uﬂ 2. 00 £.= nQ
G2 2.77 20 §.00 v, uo
n,.86
2,00 22.00 11,000 .00 s.Q0
-19,.n9 4080, o A0le, o0 oy Jnn.a0
d.75 297 .95 1.0 n, ag
g.va . .
L.y 22,00 FRCPR ALY 0, D,

- 103,09 405,010 A0, 0 NS I 280,00

$.75 .73 %ol 100 o Uy

., 08
2.Q0 L, e 1, Qn Q.08
-1, 00 RS BRI o, an AN, 2
4,03 e 95 1.00 0, ng

1,32
2.0a 2a.00 14,01 0", un RERY

=100 el b 1540, 1) o 2k, 100 '

R FO] 1,32 3,92 i.00 0,0

RS
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TABLE 11.1 COMPILATION OF BHR/RTA AEROELASTIC STABILITY DATA
(SHEET 23 OF 33)

: CONFIG
ALFHA (DEGY

FUH
EFH

TEST POINT
THRFUST CLED

o ENOTS)
TYPEERCIT

THETA (DERD
MAG El CCTO

COMMENT

O ZET CHZ> ETR BOT (50 ETH Fla iy GRGE D CcvyeLic
THRLF (SEC
L 10 22,00 15, 60 Q.00 4. 00
-13.00 S0, a0 175, 00 2.au 275,01
d.75 1.32 2.22 1.00 t, a0
1.Ve v
2.00 22,00 16,30 a,.00 4.80
-, 00 409,00 16905, 30 .00 gan.gq
4. 83 1.1% 2,50 1.00 0, 00
1.94
2,00 22,00 17,00 Q. 00 4,00
11.uu 425,00 245,00 2.00 250,00
S 80 1.0 2,28 1.00 T AL a0
I.15 :
. un 23.00 Z.on ou. v .00
=-5.100 33000 12680, D A0 125,10
GO 1.2 SO 1.00 .00

| Y

2.0
-3, 00
4,75

2.19

2.0
S P
1.92

23,00
374,00
o

DaLan
RITISSIY]
1.1

4. 00
lwl-.UG
EPRLE|

a0, 10
.00
1.00

A,
25,00
0.0

...CH
1 2%, 0t
Q. i

%
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TARLE ‘11,1 COMPILATION OF BMR/RTA AEROELASTIC
(SHEET 24 OF 33) .

STAHILITY DATA

CGOHFLG

ALFHA - {DEK)
oM ZET (HZ
THALF CSED

fetitg
e

ETA ROT (%)

TEST POINT
THREUST B>
Ern FIN €350

Yo CEHOTS)
TYFE EQCIT
GHIGE

THETR (DEND
MG - EX (LT
D C¥CLTI

- CCMMENT-

Y
’

Z.08
=403
4,75
1,12

2,00
—}. 010
.75
3,70

23.00

JEg,

1.21

"oty
[l AN

,

L
- s s
—
By

23,010
425,00
Q.97

.....
oo T
- -
) w

U
L

[CRRAN]

Coes W

i
=
=

LA
e .
>

3 e

K

Ll
[x3

23,0
dh.0n

3.22

7.00
1741 .00
2414

ALY
4365, 80

4. 24

v
et

O

e

Ty .

ot ea”
> & @
L3 i)
LD

M

an, 2n
©3.689
.00

o0, 60
3,00
1.90

99, 19
3.01
1.09

9, 2n
2,948
1.00

.5
Y~
e

D W
ST

e L
" e »
e

—
£

DL
De ]

[ o

-
s

4.00
{as.00
3,99

2,08
125.00
0, 16

. 4.9
125.80
1.a4

.00
125.00
0,90

g,
125.00
£,.00

A

o e

™ -~
v
S B
N &
\ v

LA
I3
" - s
[N} ‘
.

- P T |

e e vim e om e i 2ok it e

o et ettt 790 bl AP kS LT Rt
» - - A

tafﬂ'

e
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TABLE 11.1 COMPILATION CF BMR/RTA AEROELASTIC STABILITY DATA 3
(SHEET 25 OF 33) :
— — L
CONF G FUH TEST FOTHT ¥ OEHNTS) THE ™ <006 !
ALFHA C(BEG) _ FPH THEUST (LED TVYFE ENCIT MAG EX (C1., ,i\
ol ZET 7H2Z> ETR FEOT 2 ETA FIa 5 GAGR D CvCLsfC A
THALF (SED) - i X
3.00 R 2. 1,00 _2.98 o i
=19,00 375,000 3195,00 3.00 125,80 R
463 &4 33 .5l 1,40 a.a9 4
llgl 'i»
3,00 26,00 .00 .60 5.9 %
=11.09 375.e0 2215.00 3.990 125,00 i
“- 63 ‘!’?2 E;o 5‘:‘ 10'00 ‘30‘:“3 ‘é
le2a 3
. i
. i
3,00 2e.nn 4,01 0.09 _3.20 (-
-100 ‘:lg ’.';?5- ¥ 81 1 35[—’. lj‘] :3' GG 145. 00 .;
4,75 1.3 2020 1,80 1.0 i
2,19 g
L
3,00 2600 S, 3.09 210 3
-10.29 375,000 1030, 0 2,00 125,00 3
-fod, 09 - 0.9z i 1.09 u.a9 g
2,56 3
T 2
1
3. 600 26,00 .00 0. 04 5. 10 3"
-la.nn 90, 00 321,09 2.00 125,05 ¥
4,75 z2.50 5,89 1.60 0,00 4
nn ?‘ : . ”,!
1, 2 . x5
3,00 F 26,00 7.0 0,00 Bl P
=10.00 33000 20t, 00 3.00 125,00 P
407 | ST 3478 f.omd 3,49 -
1S »
:
i
t
A o
- e — e .
‘ , - -‘ o .
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TABLE 11.) COMPILATION OF HBMR/RTA AE"OFLA.:TIC STABILITY DATA
(SHEET 26 Orf 33)
COMF T FL TEST FOINT YOO RHIT 3D THETR anG?
ALFHA < LEG: IIH o THELST <L) TYFE CaCIT HAG :L CTH CCHMMENT .
W 2ET CHZ LTH FOY- ETH FlIL 3D GAGE (Y I
THARLF <2EC)
EM Y] 26,100 %, a0 n.a0 1,10
-1a,09 J050, 111 1555, 00 1,00 125,00
.75 1.003 P 1.00 0, a0
2,15
.30']!3 :?6. f“:' . r" n‘} n- 0‘3 'l Dn .
=10,10 S0, 1) 1071, 00 3.09 2%.99
- 11303, 10 0,29 I ) 1.00 G.09
3- ".'-‘-j .
3.00 0 25,00 113, 00 2.006 £,
-10, 00 4I5.1) NS5, 00 4. 00 125,00
. Tc' : :’.’n :;.:'i' qa .-“3 1 . 0‘3 ' 00 r."J
3,530 : : :
a.an 26,10 {1,993 0,00 .09
-13.00 24000 2vdi.on .00 1.4.00
4.75. 1.69 BT 1.07 0.1o
1.3
EUY CEL AR jo.0n a,nn 4,60
-19.,00 295,00 1?23 (515} 1Y 195,809
"083 1 . !T < 3;” l l‘:“:‘ f.‘n‘t”:'
1,35 )
3, v €. (0 12,09 2,80 4400
-9, nn -L_ ..un 1725,a0 . 2.00 Sa, 00
t.od 2,687 {.00 U 1§
.

TP T SRR GO AR PN SO ST D o Ve

et e imeions st potd hm <

o s L e T i A SR rair T P . £ it e i
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TABLE 11.1

COVPILATION OF BUR/RTA ABROELASTIC STABILITY DATA
(SHEET ?7 OF 33) :

{1,060

CONFIG FiIH TEST POIHT YOCEHaTSY THETH <(DEG)
ALFHA CDESG) . Firn THEUST (LBY TVYFE EXCT. HAG Ex (LT COMMENT
oM ZET <H ETA ROT <20 ETA FIn (% GAGE I cyCLIC
THALF (SEL ) :
3,00 26,00 12,00 2,00 4,00 | BXCIT
~-10.00 425,08 125,40 2,00 100,090 | AMPLITUDE
i 4.?8 0.99 2.13 1.00 3,00 | VAR,
:..n JD ) ’
3,00 2€6.00 12,090 o,00 4.008
-13,00 425,09 iras. a9 2.00 203,58
4,23 1o1d 2,45 1.00 © 0,00
20 ‘:“3 ’ ’ k
- 2.00 26.00 2,098 0.09 1,00
~-19,00 425, i 17245, a0 2.60 200,99
4-83 101"; 3."? 1.00 Glﬂ‘j
l . ‘98 o R
2,100 26,09 12,09 6. o0 4,19
~12,09 $25,00 {72%.00 2,049 43, 02
.33 1.1 2,56 1.60 a, 04
f.92 .
3.00 26,140 {12,003 0,00 4,00
=10,y J25, 010 1725, a0 2.00 SO, a0
O3 .14 2445 .01 0,00 .
2. 00 . . y
32.00 L..DD 3,00 39,30 ;4.00 '
-2,00 35,00 £02, 00 32.00 125.00
4."}3 ’ 1.-._‘ ‘5536 1.00 '.-1.0')

ekl am

e




wn
0

D -~
TABLE 11.1 - COMPILATION OF BHR/RTA AEROELASTIC STABILITY DATA
(SHEET 28 OF 33)
cONF IS kLt TEST POINT ¢ CKHATS) THETQ (Q@G? :
ALFHA CREG) Fi' THELRST LB T/FE EXCIT MaG gﬁﬂtyfﬁ COMMENT
a ZET CHE) ETR RPOT 2 ETR Fla 0 LAGE D Cvchic . o
THARLF <(SEC : :
o\ 7. 00 4,00 913, QU 4.00
-2..0 275,00 1152,00 3.00 12?.90
S ) 1.0 2,95 1.0 1,00
-0 3'3 °
3,00 27.00 5,00 a0, 10 4,00
-2, 00 400, ) {370,000 3.08 25.84
4.5 t.04 2.9 .00 1,130
2,23 |
3. 00 27,00 .00 a0, 00 4. 00
-5.00 410,00 1522,00 2,00 125,00
4,82 g.923 S 1.00 N.90
2.458
3.00 27.0 T.00 a3, 24 4.10 *
-3.00 425,010 152,00 2.0u 125,08
4,22 L 25 2,64 1.00 0.0
1.83
3,00 2P0 tu, e 29,330 7010
~4,00 ST 5E03, 3 3,00 S 12%.o0
4,75 I 2 D. 0% .00 0,00
3,03
2,00 PR ti.u) 29,79 @.90
-4, 00 425,010 4S5, 00 2,00 25,00
L ) B TR 267 1.0 1, 03

L Tty 18,

AT i 5o SRl el 5

b I L N N

TR

P

Ly

35 Sk,
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TABLE 11,1 COMPILATION OF BMR/RTA AEROELASTIC STABILITY DATA
(SHEET 29 OF 33)

Y OCENNTS)

COUFIN FLUN TEST POINT THETR <DEG> -
RLPHA <CDER) . FFN THFUWST (LB VL EXCYT HAG EX «CTY COMMENT
o ZET <HZ) ETA ROT <% Ein FLZ . Co - GRGE noCyeLic '
THALF (SEC) : : v

J.0n 27.00 3,00 Q23.00 4.10
-“-UO "25.0'—' 2?0". ‘."3 3. E“:’ 12'3-':":1
4,45 1.10 2436 1.00 1,50
2.0¢
4. 08 28,00 2,00 a, o 4,0Q
-1, 00 375.00 C 10, ) 2.00 200,00
5.0G0 1.545 .20 1.00 0, o0
1,42 o
4,00 2800 2.09 3.00 4.10
b LU TR 410,09 1585, 00 3.00 125,00
5- 13 1'43 4. g“ l'-gB . ‘:':00
1.45 ' .
oo 2 28,00 4.00 Q. a0 4.10
=i, 09 J15.00 1670, 00 3.00 12%.20
S.1% 1.57 ) 1.00 0,00
. :=? : )
4,00 28.00 5.00 0.0 4.10

10,00 J2500 {vas.m 2.00 125.00 .

S.12 1.71 J. 49 1.00 0,00 - <
ll -:_.'3 : .
4.0 28,00 6,00 0.80 16, 10

10,00 - $25.03 23993, 00 3.00 125,00

Sa13 .27 5.98 1.00 . 0,00

C'l l:‘.-:;

3

i
4
]
3
4
o
3
i
7
4
b
i
|
l'.‘
i
i
!
i
i
I
;Z
et
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TABLE 11.1 CCHNPTILATION OF BMR/RTA ACLROELASTIC STABILITY DATA

>

(SHEET 30 OF 133)

e Tk Rttt ke b e S

CCOHFiG
ALPHAR. ChEn)
Uil 2ET “HIN
THALF CSE)

R
By

CETR ROT O

TERT FOLUT
CTHELST (LR
Ein FLE %)

Y SRS
TYRPE BUCIT
© - GRGE

THETH ZDEG)
MAG EX C0T)

COMMENT
B (YW I N o

4,0

p SLN Y13 I

5.0

lj ..t":}:

4. 00
-1, 00
"1:3:3

J.u)
LR IR N1 ]
S.13

1,34

4,00
s =G )
5. 10

1.:41

“ . 'J ['

~G. o
"100[00
~f,.05

4.00

'6000
e
{,.nc

23.049
425,108
4.12

28.00
425,56
354

23,00

240003
1.nl

2.0
4001, 0

1050

Je.0n
325,00

3 e
s':.c.a

F35. 0

201?

voun
4125,.00
in.o3

2, ()
S420,09
Veisd

11.00
19E7 00

"n 2'5'

12,00
12¢7. 0
1 A

a0
BV, )

_2.10

feg. 000
123249, 00
i

. -
L b2

v, 1)
‘3 . 'J‘-‘
{.00

)

'. L] -
=D
=z
==

-
Den I

[an

3.0
3,00
1.06u

Can.1n
3.00
1,00

?OOLU
.80

f.00

20, 60
2,00
1. 00

510
125, 00
LN

10, AN
25,00
. 0.0

41D
125,
S 9,00

4.10
12%, 0
3,00

4. 1(‘
125.09;
S 0.0

.60
25, 00
R PR XIN]
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TABLE 11,1 COMPILATION OF BMR/RTA AEROELASTIC STABILITY DATA
- (SHEETT 31 OF 33)

-

Cada S 1ot 544 T s o ok T AT

e vy aied

COHFIG : . kLN TEST FQIHNT - Y (KHOTS) THETH C(DEG)
ALPHAR C(DEG) EFH THEUST <LED TYFE EAIIT HMAG Ex <CT)
DN ZET ¢HZ> - ETR ROT %) ETR Fla (%) GHGE D CYCLIC
THALF (SEC) . : -

4.0 28,8213 : 15,040 93, 20 : 4. 10
-5, 00 ' 430,00 1213,40N 2.00 - 125.00

5.00 1.55 4,64 v 1.08 0,00

1.42

4,00 28.00 15.00 20,30 4.10
-5, U0 424,00 2124,09 3.4 125,00

5.13 1.49 3.95 : ° 1000 E‘.E‘G

1.44 '

S.00n 29.00 : 3. 00 120,20 ) 4.00
-5. 00 25.00 1461, 00 e S.00 ) RRAR

S.00 0 1.54 : 3,70 =106, 0u 2,00

1.43 o

5,00 29,61 5.00 . a0, 40 4.09
-5, 01 428,00 2221,00 - . 3.0 S AR

. S.00 1.73 , .15 -100, 80 3,007
l' :':E. ' :
L
]
! i
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TABLE 11.1 COMPILATION OF BMR/RTA AEROELASTIC STABILITY DATA
(SHEET 32 OF 33)

141 2T = FIRST CIOKD fODE ROTATING FREQUENCY, Hz

TABLE NOTES

CONFIG

OHF1GURATTON

BASELINE BMR/RTA '

BASELINE .BMR/RTA, BALANCE DAMPERS QFF -
BASELINE BMR/RTA, BALANCE DAMPERS OFF, SOFT PITCH LINK

SASELINE BMR/RTA, PLUS FLEXBEAM DAMPER STRIPS

C
1
2
3
4
5 BASELINE BMIR/RTA, PLUS FLEXDBEAM DAMPER STRIPS, BALANCE DAMPERS OFF

poun

RUN WIND ‘TUNHEL RUN NUNBER . _

TEST POINT = TEST POfNT HUMBER TOR TEST CONDITIGN DATA;.I.E., SHAFT ANGLE, TUNNEL
SPELD, ETC.,. WHEN THESE DATA WERE RECORDED JUST PRTOR TO ACQUIRING
STABILITY DATA. =

v = WIND TUNNEL SPEED
THETA = INDICATED NOMINAL COLLECTIVE PITCH AT 70 PERCENT BLADE RADIUS
ALPHA = ROTOR SHUAFT ANGLE (PLUS NOSE UP) '
KPM = ROTOR SPEED |
TYPE EXCIT: 1 = LATEPAL CYCLIC STEP :
2 = LATERAL CYCLIC SINUSOID .
3 = NUTATION .

1AG EX = MACNITUDE OF EXCI'IPATION TN COUNTS, S00 COUNTS APPROXIMATELY = .75 DEGREES
i N

PR TP it Weblaghost b 5 5

attaitas




¥0S

o

TABLE 11.1 COHPILATION or BMR/?TA ALROBLASTIC STABILITY DATA

(SEEET 33 OF 33)

ETA ROT

ETA FIX

GAGE

TEALF

*
Rk kKK

NOTE l'

D CYCLIC

ETA .ROT) , PERCENT CRITICAL (SEE NOTE 1 BELOW)

= MEASURELENT USED TO DETEFMINE DAMPING

~ 1 = BEAM CHORD BENDING AT STA 11 (CB 113)

2 = BLADE CHORD BENDING AT STA 14.25(CE 14.25, BLADL £1)
= CYCLIC TRINM VARIATION .

0: CYCLIC FOR MINIMUM HUB PITCHl AND ROLL MOMENTS

1: al = -1," Bl = 1.5° . '

2: Al = = .7° Bl = =.SO

3: Al = .6° ‘ Bl = .30

4: Al = -1.30 Bl = o

(REFERENCE Al = -.8°2, Bl = .59

TIME TO HALF ANMPLITUDE, BASED ON ETA ROT AND OM ZET, SECOLDS

(SEE NOTE 1 BELOW)

.= DATA MAY NOT BE VALID

DATA . HOT AVAILABLE

FOR COMPUTING ETA FIxX AND THPLF'

A)

,B)

FOR CONFIG = 4 OR 5, THE MOVING BLOCK VALUE FOR ETA ROT WAS USED
(MOVING BLOCK VALUES FOR ETA ROT ARE PRINTED IN THIS TABLE) :
FOR CONFIG = 1,2, OR 3, A VALUE FOR ETA ROT BASED ON VERTOL WHIRL
TOWER TESTS = 4.75 + 1. 24(2/375)-1)-02 €, HZ, £LIN RPM, &7 IN
DEGREES, WAS USED TO CONPUTE ETA FIX. AND THALF FROM ETA ROT.

ROTATING SYSTENM DAMPING AT FIRST CHORD MODE FREQUENCY, PERCENT CRITICAL

FI1XED SYSTE!l DALIPING- AT THE LEAD-LAG REGRESSING MODE FREQUENCY {BASED ON

‘\."’
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