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I. SUMMARY

An advanced-design 25-foot-diameter flightworthy proprotor was
tested in the NASA-Ames large-Scale Wind Tunnel under NASA
Contract NAS2-5386. Bell Helicopter Company designed and manu-
factured the proprotor and loaned it to the government for the
tests. These tests, Task II of the Advancement of Proprotor
Technology Program, have verified and confirmed the theory and
design solutions developed as part of the Army Composite Aircraft
Program. This report presents the test results and compares them
with theoretical predictions. (Reference 1 reports the results of
Task I, the design study.)

Figure I-1 shows the proprotor installed in the tunnel in prepa-
ration for the July 1970 dynamic tests. This testing (which
reached a simulated speed of 408 knots) showed that stability
increased with airspeed. The measured damping of the major
coupled modes was as predicted from theory and from the results
of one-fifth-scale model tests.

During performance tests (Figures 1-2 and I-3), conducted in
November 1970, the results met or exceeded predictions. Hover
thrust 15 percent greater than the predicted maximum was measured.
In airplane mode, propulsive efficiencies (some of which exceeded
90 percent) agreed with Theory.

Structurally, the proprotor behaved much as predicted. Blade
loads were acceptable in all flight modes, although they exceeded
the initially predicted values at intermediate conversion angles.
After the tests, however, computational ‘nput errors were found
in the predicted values. The elimination of these errors put the
theoretical (predicted) loads slightly higher than those measured.
Blade loads in the airplane flight mode were very low.

These tests took the flightworthy test article through many of
the conditions it would encounter in actuval flight operations,
and found it operationally and structurally satisfactory in all
of them. The proprotor is therefore ready for the next logical
step in the development of tilt-proprotor technclogy--flight
testing on a research aircraft.
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IT. INTRODUCTION

Mil ta.y and civil planners are becoming avare of the need fcor
VICL aircraft in a variety of missions and roles. The VTOL
concept which appears to offer the greatest promise of filling
this need is the tilt-rotor aircraft. It has a high hover pay-
load and causes sinimum noise and downwash. It saves weight and
complexity by using the same powerplant for both hover and for-
ward flight.

The rotor system, similar to that of the helicopter, gives the
pilot the same precise coatrol in the hover and at low flight
speeds that a pure helicopter would give him; yet in high-speed
flight, this sawe rctor functions efficiently as a propeller,
giving the aircraft the range and endurance of a fixed-wing
aircraft. The side-by-side arrargement of the proprotors gives
the lift system a large overall span, which in turn gives it
exceptionally good STOL characteristics.

Many of the desirable characteristics of the aircraft derive

from the lLow disc loading of the tilt-rotor system. Indeed,
studies have shown that low-disc-loading VTOL aircraft, the tilt-
rotor in particular, will make the most economical wid-range

VTOL transports for eiiher civil or military applications.
(Studies by Bell, Westland, Locknheed, Sikorsky, Boeing, and the
Marine Corps have supported this prediction. See References

2 through 10.) The low disc loading also minimizes noise

and dust; the low dowawash velocities contribute to the safety
of ground personael.

The simple conversion process makes the air-raft easy to fly.
Conversion may be started, stopped, or reversed at any point,
with power on or off. The rotor-lifted speed range overlaps the
wing-liftad speed range; therefore the conversion corridor is
wide, and airspeed and pcwer neecd not be programmed with con-
version angle. In case of complete power failure, the aircraft
converts to helicopter flight and makes an autorotational descent
to a helicopter-like flare and low-velocity landing.

The tilt-rotor concept has bteen under development for two de-
cades. Early work led to the establishment of the joint Army-
Air Force XV-3 Couvertiplane Program in 1951 (Figure II-1). The
evaluation tests were completed in 1961 and reported in Refer-
ences 11 through 13. The program included more than 375 hours
of wind-tunnel and ground-run time, and more than 250 test
flights ia 125 hours of flight time. The test aircraft was flown
by ten goverament test pilots and two Bell pilots, who made a
total of more than 110 full conversions. Five of the government
test pilots made power-of{ reconversions from cruise to helicop-
ter autorotation after simulated engine failure. The flight
evaluation demonstrated the soundness and safety of the conver-
sion principle and showed that a proprotor could be used equally
well for lift and propulsion. It also defined dynamic stability

300-999-004 II-1
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nroblers that required further study, problems involving dynamic
stability of the proprotors and coupling effects between the
proprotors and the aircraft. At that time these¢ phenomena were
little understood and there was no theory for predicting them
with any degree of accuracy.

Specifically, the problems were high proprotor flapping during
airplane maneuv s, proprotor/pylon stability (later fourd to be
closely related to propeller-nacelle whirl flutter), and air-
craft dvtch roll and short-period longitudinal stability. In the
early 1960's Bell Helicopter Company initiated an extensive
theory and model research program to resoive these problems and
to develop technology for the design of future aircraft. The
program yielded a fundamental understanding of proprotor/pylon
phenomena and explained the behavior of the XV-3 in flight and

in the wind tunnel (Reference 1l4).

The proprotor/pylon stability behavior of the XV-3 in the 1962
tunnel test was first simulated with a simple model. As theory
was further refined and more effects and degrees of freedom were
added to the equations, wind-tunnel testing went on to evaluate
blade flexibility, airframe aeroelastic modes, and airplane flight
degrees of freedom (References 15 and 16). Some of the wmodels
used in the dynamic model test program are shown in Figure I1-2.
Severai different design approaches for dynamic stability evolved
and were studied in detail. These included positive pitch flap
coupling (negative 63), high wing stiffness, swashplate/pyion
coupling, a focused rotor, and automatic flapping control.

In 1965 the Army established the Composite Aircraft Program to
combine in one aircraft the good hover characteristics of the
helicopter and the efficient high-speed cruise characteristics

of the fixed-wing aircraft. The XV-3 experience and subsequent
theory and model work provided a foundation for design effort in
that program. The Bell Model 266 aircraft design shown in Figure
II-> resulted from this work. (This work is documented and
reviewed in References 17 through 22).

The exploratory definition phase of the Composite Aircrait Pro-
gram was completed in 1967. The research aircraft prograw which
was planned to follow would have established that the level of
technology was adequate for an aircraft system. This program
was not begun, however, primarily because of a lack of R&D fund-
ing and the absence of a well-defined mission requirement.
Recognizing the need for large-scale verification of the tech-
nology that had developed from the time of the XV-3, Bell
authorized as part of its IR&D program the design and fabrica-
tion of a 25-foot-diameter rctsr and drive system components
suitable for testing in the NASA-Ames Large-Scale Wind Tunnel.
This was in 1968.

In 1969 the NASA-Ames Research Center and the Army Aeronautical
Laboratory contracted with Bell (Reference 23) for tunnel tests

300-099-004 - 11-2
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of the 25-foot rotor and for design studies of a tilt-rotor
proof -of -concept aircraft. The Bell Mcdel 300 aircraft design
shown in Figure II-4 resulted from the design study (Reference 1).

The 25-foot-diameter proprotor completed its first tunnel test in
July 1976 (Figure 1-1). The dynamic investigations showed that
the system was siable to the maximum tunnel speed of 202 knots
with a full stiffness wing structure. Flight was simulated to
403 knots with a one-fourth-stiffness wing structure. Damping of
all modes was good and trends were predicted accurately by theory.
Control and structural investigations showed low blade, hub, and
control stresses. Investigations with an automatic flapping con-
trol device were in agreement with theory.

The most recent tests of the 25-foot proprotor took place in the
Ames 40- by 80-foot tunnel in November 1970 (Figures I-2 and I-3).
During these tests, the rotor was power driven in the helicopter
mode, in the airplane mode, and over a range of conversion angles
between these modes. Test results correlated well with predic-
tions as is summarized in Rcference 24 and shown in detail in the
following sections of this report. The dynamic stability of the
rotor was excellent in all modes, and blade loads were acceptable.
The results of the tests show that the 25-foot-diameter proprotor
is ready for testing on a complete aircraft.

300-099-004 I1-3
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III. DESCRIPTION OF TEST HARDWARE

A. PROPROTOR AND CONTROLS

1. Descriotion

The 25-foot thiee-bladed oroorotor used for these tests is scmi-
rigid, with the hub gimbal mounted to tne mast to provide blade
flapping freedom. The all-bonded blades are made with high-
strergth, heat-treated stainless steel. Blade pitch mction and
retention are provided by needle bearings and wire straps.
Stainiess steel liners, bonded to the titanium yoke, prevent
fretting. The stiff titanium yoke places all blade bending fre-
quencies above rotor speed as is discussed in Subsection III.A.Z
of this report.

The geometry of the blades was developed with the help of two-
dimensional tests in subsonic and transonic wind tunnels. The
blades have an NACA 64-208 airfoil at the tip and a highly cam-
bered, 27-percent thick section at the root. A combination of
twist and camber was chosen to meet the aerodynamic requirements
for both helicopter and airplane flight, and to permit the blade
spar structure to have a uniform twist rate. The integral blade
and grip eliminate the need for an aerodynamic cuff at the rost
of the blade, thereby saving weight and minimizing performance
losses.

An elastomeric hub spring is utilized to increase the control and
damping moment capability of the oroprotor. The hub soring is
located in the nonrotating system to eliminate fatigue loading
on this component. The spring is attached directly to the top
case of the transmission and to the hub yoke through a bearing.

Cyclic control is achieved through a monocyclic (fore and aft)
swashplate below the proprotor. A rise-and-fall collective head
assembly above the proprotor mcves three walking beams thereby
providing collective control. Hydraulic actuators position the
cyclic and collective controls. The servo valves of the 1500 psi
hydraulic actuators were positioned by a 28-volt electro-
mechanical actuator to provide remote control for these tests.

In the event of hydraulic pressure loss, the electric actuator
provided a mechanical back-up to carry the control loads until
the tunnel could be shut down.

Table III-I provides a summary of the pertinent data concerning
the proprotors. Both aerodynamic and dynamic data are included.
Bell drawings 300-960-002, 300-0L0-00L, and 300-010-100 included
in the appendix show some of the construction details orf the
proprotor., Reference 1 provides a complete description of the
preprotor including mass and stiffness distributions.

300-099-004 III-1
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TABLE 1II-I, PROPROTOR DESCRIPTIVE DATA

Number of Blades per Proprotecr 3
Diameter 25.0 ft
Disc Area per Proprotor 491 sq ft
Blade Chord L4 in basic blade
17 in cuff root at
0.0875R
Tapering to lu in
at 0.25R
Blade Area (3 Blades) 43,75 sq ft
Solidity 0.089
Blade Airfoil Section
Root (G Mast) NACA 64-935 a = 0.3
Tip NACA 64-208 a = 0.3
Blade Twist (See Figure IV-1 for
Distribution) -45,0 deg
Hub Precone Angle +2.5 deg
63 -15.0 deg
Underslinging 0 deg
Mast Moment Spring Rate (per Rotor) 2700 in lb/deg
Flapping Design Clearance +12.0 deg
Blade Flapping Inertia (per Blade) 105 Slug ft2
Blade Lock Number 3.83
Tip Speed
(fps) (rpm)
Helicopter 740 565
Conversion 700 534
Airplane 600 L58
e ——— — ‘*_ﬁ

300-099-004 I11-2
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2. Natural Ffreauencies

Prior to the wind-tunnel tests the proprotor natural freauencies
were measured in a nonrotating vibration survey and their loca-
tions confirmed during a whirl test at the contractor facility.

Figures III-1 and III-2 compare the measured nonrotating fre-
quencies with the calculated frequencies. In BHC terminology
the collective modes are the symmetric modes of the proprotor,
i.e., polar symmetric about the mast. Th. cyclic modes are the
asymmetric modes. For the vibration survey, the proprutor was
mounted on a test fixture which was effectively rigid in the
direction normal to the plane of the rotor, but which had an
inplane mode close to the first cyclic out-of-plane mode. Coup-
ling of the two modes was not included in the calculation but is
evident in the measured frequencies.

The first torsional mode of the blade was measured at 80 cps as
shown in Figure III-l1. The vibration survey test stand provided
an extremely stiff torsional restraint, hence this is effectively
the torsional natural frequency of a cantilevered blade. The
calculated first torsional natural frequency for the cantilevered
blade is 87 cps. With the control system flexibility included in
the calculations, a mode which is rigid body feathering on the
control system is introduced at 36 cps. Coupling with this mode
forces the torsion mode up to 122 cps.

Wher: the proprotor was whirl tested on a horizontal test stand,
the blade natural frequencies were further established by resonant
crossings and harmonic excitation of the swashplate. Figures
I11-3 and III-4 compare these frequencies' identifications with

fan plots based on extrapolation of the frequencies measured dur-
ing the nonrotating vibration survey, Note that several modes are
indicated to be in resonance, name.y the third collective mode

and the second and third cyclic modes. These resonances were
closely monitored during the wind-tunnel tests, but were never a
problem,

B. TEST STANDS

1. Performance Stand

a. Description

Performance testing of the Model 300 proprotor was accomplished
on the NASA propeller test rig as shown on Figures I-2 and I-3.
The power module of this rig consists of two 1500 hp electric
motors mounted in tandem on a frame, driving an R-2800 engine
reduction gearbox. The power module was mounted at appioximately
the center of the tunnel test section on struts attached to the
tunnel balance frame. Angle of attack could be changed on the
module by means of a remotely-actuated tail strut. The angle

300-033-004 I1I-3
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range avallable was from O degrees (mast horizontal) to 85
degrees (mast Jearly vertical). Bell Drawing 300-018-013, in-
cluded in the appendix, shows the proprotor mounted on the test
rig.

To adapt tl.e Model 300 rotor to the test rig gearbox, a new
geaxrbox front cover was made. A mast support case containing

2 all thrust bearing and a radial roller bzuring was attached to
the special front cover. The bearings in the mast case were
separated by 13.5 inches to carry moments generated by the rctor.
A collective pitch input sleeve was installed between the bear-
ings. This sleeve contained a rovating-to-rotating bearing set,
and attached to a collective tube inside the mast. The collec-
tive control cylinder, installed below the gearbox, actuated the
sieeve through a lever. The upper end ¢f the wind-tunnel mast
case was similar to the Model 300 transmission mast case, and
had attachment points for the Mode. 300 swashplate and hub moment
spring. An instrumentation slip ring was installed inside the
mast case, above the upper bearing.

The mast used during the wind-tunnel tests was identical to that
of the Model 300 above the mast case. Inside the mast case, the
wind-tunnel mast was slotted to permit operation of the collective
sleeve. The mast wall thickness in the areaz of the slots was
iacieased over that of the Model 3CU in order to maintain the mast
strength. The lower end of the mast had a drive spline to which a
modified R-2800 planetary gear carrier attached. The carrier con-
tained standard R-2800 plaretary gears.

The Model 300 proprotor and rotating contrcls attached to the
wind-tunnel mast and mast case without modification. The Model
30U spinner faired the forward portion of the rig; nonstructural
fairings, attached to the tunnel floor, faired the remainder of
the rig.

b. Natural Frequencies

A vibration analysis of the propeller test stand, with the 25-
foot proprotor installed, was made prior to the powered test.

The test stand structure was modeled on the NASTRAN structural
analysis (Reference 25) and the natural frequencies through eight
per rev calculated. Figure III-5 shows the NASTRAN structural
model.

A vibration survey of the propeller test stand was conducted with
the stand installed in the test section. For the survey the
proprotor blades were removed and replaced by equivalent weights.
A Lazan eccentric mass vibrator was installed in a blade grip to
provide excitation. Surveys were made at nacelle angles of 0 and
60 degrees. The influence of nacelle angle was very small.

The measured stand natural frequencies are compared to the calcu-
lated frequencies in Table III-II. While the frequency correla-
tion is reasonable, neglecting the flexibility of the stand

torquemeter in the math model caused a considerable error in the

300-099-004 I11-4



)
@ BELL HELICOPTER cCOMPANY

TABLE III-II. PROPELLER TEST STAND NATURAL FREQ'IENCIES

ampagT = 0 DEGREES

Mode No. Measured Calculated Identification
(cps) (cps)
1 1.8 1.66 Strut first lateral
bending
2 3.8 2.52 Nacelle yaw
3 3.5 2.73 Strut fore and aft
bending
4 5.2 10.47 Cross tube vertical
bendirg
5 16.92 2z.3 Mast lateral oending
6 22,1% 26.7 Mast vertical bending
7 - 29.7 Nacelle torsiorn (rear)
8 e 4 3.3 Nacelle lateral bending
9 - 38.2 Stand Torsion (front)
10 - 42,1 Strut
11 4.5 42.4 Nacelle v-:-ical bending

—_- [, -

1Cross tube stiftnerc too high in NASTRAN model

2Torque meter softness at interface between stand & mast
case not represented in M 'TRAN model

300-093-00% I1I-5
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frequencies of the mast vertical and lateral bending modes. The
location of these modes is very important since they are located
ir the two-per-rev and three-per-rev excitation frequency range.
During this test, two-per-rev loads at 535 rpm proved a limita-
tion and preveanted extensive operation at that rpr. However,
there was no problem in operating at rotor spezds higher or lower
than 535 rp=e.

2. Dynamic Test Stands

a. Description

The Model 390 prc rotor was tested for dynamic stability on a
structure which simulated the Model 300 sewmispan wing and nacellc.
Bell Drawing 309-018-041, included in the appendix. shows the test
assewbly. This wing was wmounted verticaily in the wind tunnel,
and attached directly to the tunnel balance. The wing angle of
attack could be varied rewmotely; alsc, the nacelle could be
pitched relative to the wing from 0 to 20 degrees wmanually.
Extensive use was made of the rewote angle of attack variation
capability during the test, however, 211 dynamic test-stand runs
were made with the nacelle in the airplane wode.

The basic wing structure counsisted of a bear of rectangular cross
section, anc equal in bending and tcrsional stiffness to the
actual Model 300 wing design. A second bear, having one-fourth
the stiffnesses of the flight wing, was also provided. The wing
“airfoil" was 2 simple aerodynasmic fairing complete with light
nonstructural components. The fairings would adapt to either
wing beas. All components of the beam and fairiags were aluminum.

The test stand parameters--wing chord. span, weight, stiffness,
and sweed--were held as close to those of the Mode! 300 as possi-
bie. The airfoil section. however, was simplified to reduce
panufacturing cost. 1Its thickness was 13.5 percent as compared
to the Model 30C wing's 23 percent.

The basic structure of the nacelle was a steel weldment which
attached to the wing tip by means of a conversion spindle. The
bending stiffness of the spindle was the same as the Model 309
conversion spindle. The conversion actuator was replaced by a
lick. A yaw link was also provided to simulate the pylon-to-wing
attachmwent when the pylon is fully counverted sc that a downstop
is engaged. The wmast support case used on the power test rig
attached to the front of the weldment. Two aluminum bulkheads,
attached to the weldwent, supported a fiberglass fairing over the
structure. The fairing contour wvas made to the Model 300 nacelle
iines.

The collective control mechanis' was the same as was used on the
power rig. The cyclic hydraulic cylinder was also used, but was
controlled by a small hyd- ulic .ctuator (SCAS Unit) equipped
with an electrically cont.ollec servo valve. The SCAS cylinder
was used for the flapping cc2t wller input and as a cyclic control
system shaker.

300-099-004 I11-6



@ Bl HELICOPTER comPany

In addition to the cyclic shaker, an aerodynamic shaker was also
provided, This shaker consisted of a zmall airfoil mounted on a
shaft, attached near the aft end of the nacelle. The shaker was
oscillated by another SCAS bydraulic cylinder.

b. Scaling

The scaling factors of the two design stands are given in Table
I1I7-T11 for reference. Note that data from the design stiffness
stand may te used 2ire:tly. Data from the one-fourth design
stiffness test stard must be mulc.plied by the appropriate factor
from lable III-ilII to obtain the full-scale equivalent value.

c. Test 3tand Natural Frequencies

The test stand natural frequencies were calculated prior to the
dynamic stability test using a finite element structural model
of the stands. Figure III-6 shows the layout of the structural
model and the element properties and node point masses are given
in Tables III-IV and III-V.

A vibration survey of the design-stiffness test stand was con-
ducted first at the contractor's facility and again when the
stand was installed in the test section. A vibration survey of
the one-fourth-design-stiffness stand was also conducted in the
test section.

During these surveys the proprotor blades were removed and re-
placed by eouivalent weights. A Lazan shaker was used to excite
the system natural frequencies. Hand excitation of the fundamen-
tal modes was used to obtain modal damping ratios.

During the design stiffaess stand vibration survey the tunnel
balance natural frequencies were identified. Strain gaged beam
transducers mounted at the corners of the balance frame were used
to determine the balance mode shapes.

The natural frequencies for the Model 300, the calculated stand
natural frequencies, and the measured frequencies are tabulated
in Table III-VI. The measured damping is also indicated. Also
listed in Table III-VI are the frequencies of the balance modes.

The mode shapes for the four lowest modes of the design-stiffness
test stand are shown in Figure I1I-7. These modes are the same
for the one-fourth-stiffriess stand with the exception of fourth
modes, which is a pylon yawing mode. The balance modes were
essentially rigid body and uncoupled.

d. Test 3tand Dynamic Stability Boundaries

Figure III-8 shows the calculated dynamic stability boundaries
for the test stand as a function of proprotor rpm., These are
based on the test stand measured natural frequencies. 1Iwo

300-039-004 I11-7
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TABLE III-III. DYNAMIC TEST STAND SCALE FACTORS3
e e e ———

1

Design Stiffness?

One-Fourth Stiffness’®

Parameter Test Stand Test Stand
Length 1.0 1.0
Mass l.v 1.0
Time 1.0 0.5
Velocity 1.0 2.0
Acceleration 1.0 4.0
Frequency 1.0 2.0
Force 1.0 4.0

2Scaling - Mach No. 1l:1
Froude No. 1:1
Lock No. 1:1

!Scaling - Mach No. U.5:1
Froude No. 0.25:
Lock No. 1:1

1

IMultiply model data by scale factor to obtain
equivalent full-scale value

300-099-004
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TABLE III-IV, DYNAMIC TEST STAND MASS PROPERTIES

182

0.01

0.01

300-099-00&[ I11-9

Mass and Inertia*
Node M, M, M, Iny Igy

2 -— 0.43 0.43 0.6 --

4 - 0.2 0.2 0.6 ~--

6 -- 0.2 0.2 0.6 -

8 - 0.2 0.2 0.6 -

9 -- 0.511 0.511 0.6 -
12 0.01 0.01 0.01 0.901 0.01
13 0.01 0.01 0.01 0.01 0.01
15 1.087 1.087 1.087 772.0 772.0
17 2.13 2.13 2.13 800.0 80C.5
21 1.036 1.036 1.036 -- -
22 -— - - 112.96 112.96
27 0.01 0.01 - - -
*See Figure II1I~-6 for element coordinate system.

All units in lb-in-sec system.

-~ Indicates coordinate was not retained.

—_—
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DYNAMIC TEST STAND STIFFNESS PROPERTIES

300-099-0

ou

I1I-10

== = ———— ==
Length Elgpam EIchoRD GJ
Segment  (in) (1b-in?) x 10=% (1b-in?) x 10~! (lb-in?) x 10-°¢
1l 41.0 9202.9 18794.1 16868.0
2* 21.0 2653.0 10410.0 2696.0
3* 21.0 2653.0 10410.0 2696.0
4* 21.0 2653.¢C 10410.0 2696.0
S5* 21.0 2653.0 10410.0 2696.0
6* 21.0 2653.0 10410.0 2696.0
7* 21.0 2653.0 190410.0 2696.1
8* 18.4 2653.0 10410.0 2696.1
9* 8.7 2653.0 10410.0 2696.1
10%* 8.7 2653.0 10410.0 2696.1
11 6.8 1659.0 123.9 340.0
12 6.8 1659.0 123.9 340.0
13 18.4 525.0 525.0 310.0
14 8.2 970.0 970.0 808.0
15 6.8 4000.0 4000.0 4200.0
16 16.8 10508.0 16921.0 10293.¢C
17 5.6 33292.0 23800.0 15277.0
18 1.7 9136.0 9136.0 7613.0
19 12.7 1100.0 790.0 725.0
20 13.7 600.0 600.0 466 .0
21 1.8 341.1 341.1 284.3
22 16.3 140.0 140.0 109.0
23 1.0 0.0 0.0 0.2
24 2.0 3000.0 10000.0 3000.0
25 6.3 3000.0 10000.0 3000.0
26 4.0 AE = 15 x 10° 1b
27 12.6 AE = 11.68 x 10° 1b
28 6.3 3000.0 10000.0 3000.0
29 2.0 3000.0 10000.0 3000.0
30 7.9 2643.0 10000.0 2696.0
*Multiply EI and GJ x 0.25 for one-fourth design stiffness
stand.
W—f — — ig
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TABLE I1I-VI, 25-FOOT PROPROTOR DYNAMIC TEST STAND AND 40- x 80-FOOT
FULL-3CALE WIND TUNNEL MEASURED NATURAL FREQUENCIES

AND DAMPING

T1-111

Mode Description At BHC At NASA-Ames Installed in 40- x 80~Foot Wind Tunnel
Yaw Link In]Balance Free|Balance Locked|Balance Locked Damping
Yaw Link In | Yaw Link In Yaw Link Out Ratio
(cps) {cps) (cps) (cps)
Design Stiffness Stand
Wing Beam 3.35 2.75 2.87 - 0.010
Wing Chord 5.95 5.0 5.22 5.19 0.018
Wing Torxrsion 10.45 10.3 10.75 10.4 --
Pylon Yaw 36.0 - 32.3 14,1 -
Mast Lateral 25.7 - 22.2 >50,0 -
Wing Sscond Beam 51.2 - 47.2 47.2 -
1/4 Design Stiffness Stan
Wing Chord 2,8 - 2.51 2.46 0.006
Wing Torsion 5.3 - 4.70 4,80 0.032
Pylorn Yaw 20.0 - 18.6 12.65 -
Mast Lateral 38.4 - 31.2 3.2 -
Wing Second Beam 24.8 - lé.1l 16.4 -—
Balance Modes
Fore: "=Aft - l.6 - - -~
Laterau - 1,80 - - -
Yaw (Torsion) - 2.40 - - -
$m5

231 JOOMNaAH T1389 @
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boundaries are shown for the one-fourth -design-stiffness stand,
one when the scaled one-fourth-design-stiffness hub restraint is
used, and one when the design-stiffness restraint is employed.
Prior to the test it was planned to switch to a one-fourth-design-
stiffness hub restraint when the wing spars were switched. How-
ever, while the test was in progress a decision was made to re-
tain the design-stiffness hub restraint for the one-fourth design
stiffness stand tests, in order to conserve occupancy time. Cal-
culations indicated the stability characteristics were not sig-
nificantly affected by the hub restraint and that the time
required to change to the one-fourth-design-stiffness restraint
would not be justified, The difference in one-fourth stiffness
test stand dynamic charactericstics with hub restraint is dis-
cussed further in Section V.,

C. INSTRUMENTATION

Conventional instrumentation was used to measure loads, deflec-
tion, vibrations, and pressures during both tests. The trans-
ducers included strain gages, potentiometers, accelerometers

and pressure sensors. Proprotor rotating system instrumentation
channels utilized a 52-ring slip ring to provide 2 excitation
power channels and 24 data channéls, Table III-VII is a summary
of the data channels for the dynamic and tne powerecd tests.
There were 27 channels available during the dynamic test and 4l
channels available during the powered test. The channel fre-
quency range is shown for reference. J3ystem accuracy is esti-
mated to be within = 3 percent (based on channel full-scale with
errors being the square root of the sum of the square of the
individual errors).

Data were recorded using direct-write oscillographs, and during
the dynamic tests magnetic tape records were also made. Two
l3-channel oscillographs were used during the dynamic tests and
four of the same type oscillographs were used during the powered
tests.

300-099-004 111-12
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TABLE ITI-VII. INSTRUMENTATION SUMMARY

Dynamic Stability Test Channel
Frequency
Item Transducer Range (cps)
Mast parallel bending Strain gage 0-69
(in red blade flapping sense)
Yoke beam bending Strain gage 0-60
Red pitch link axial load Strain gage 0-135
Red blade spindle chord bending Strain gage 0-69
Blade beam Sta 52.5 (35 per- Strain gage 0-135
cent R) bending
Blade beam Sta 75 (50 percent R) Strain gage 0-135
bending
Blade chord Sta 52.5 (35 per- Strain gage 0-135
cent R) bending
Red blade flapping Rotating pot 0-135
Fore znd aft flapping Stationary pot 0-190
Lateral flapping Stationary pot 0-190
Wing beam inboard bending Strain gage Cc-160
Wing chord inboard bending Strain gage 0-60
Wing torsion inboard bending Strain gage 0-60
Wing chord outboard bending Strain gage 0-60
Cyclic tube axial load Strain gage C-60
Collective tube axial load Strain gage 0-60
Conversion link axial load Strain gage 0-60
Yaw link axial load Strain gage 0-60
Shaker beam Strain gage 0-60
Pylon internal static pressure Pressure 0-60
Inlet total head pressure Pressure 0-60
Hydraulic pressure Pressure 0-60
Fore and aft acceleration Accelerometer 0-60
Pylon Sta O beam acceleration Accelerometer 0-60
Pylon Sta 0 yaw acceleration Accelerometer 0-60
Pylon Sta 36.0 beam acceleration Accelerometer 0-60
Pylon Sta 36.0 yaw acceleration Accelerometer 0-60

300-099-004 III-13
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TABLE III-VII. CONTINUED
Powered Test Channel
Frequency
Item Transducer Range (cps)
Mast parallel bending Strain gage 0-69
(in red blade flapping sense)
Mast perpendicular bending Strain gage 0-60
(normal to red blade flapping
sense)
Red pitch link axial load Strain gage 0-60
White pitch link axial load Strain gage 0-60
Greezn pitch link axial load Strain gage 0-60
Red blade spindle beam bending Strain gage 0-62
Red blade spindle chord bending Strain gage 0-60
White blade spindle beam bending  Strain gage 0-60
White blade spindle cherd bending Strain gage 0-60
Blade beam Sta 22.8 (15 per- Strain gage 6-60
cent R) bending
Blade beam Sta 75 (50 percent R) Strain gage 0-60
bending
Blade beam Sta 112.5 (75 per- Strain gage 0-60
cent R) bending
Blade chord Sta 52.5 (35 per- Strain gage 0-60
cent R) bending
Blade chord Sta 75 (50 per- Strain gage 0-60
cent R) bending
Blade chord Sta 112.5 (75 per- Strain gage 0-60
cent R) bending
Blade torsion Sta 112.5 (75 per-  Strain gage 0-469
cent R) bending
Rad blade flapping Rotating pot 0-60
Red blade feathering Strain gage 0-60
Fore and aft flapping Stationary pot 0-60
Lateral flapping Stationary pot 0-60
Red blade trailing edge stress Strain gage
Cyclic tube axial load Strain gage 0-60
Collective tube axial load Strain gage 0-60
Collective sleeve perpendicular Strain gage 0-60

wending

215-099-004 I1I-1
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TABLE III-VII, CONCLUDED

300-099-004

Channel
Frequency
Item Transducer Range (cps)

Collective sleeve parallel Strain gage 0-60
bending
Col.ective position Linear pot 0-60
Cyclic position Linear pot 0-60
Spinner upper support arm Strain gage 0-60
bending

! Spinner lower support arm Strain gage 0-60

; bending

i Iriver load Strain gage 0-60
Mast torque Strainr gage 0-60
Test stand internal static Pressure 0-60
pressure

Hydraulic pressure Pressure 0-60
Tunnel airspeed Pressure 0-60
Mast case axial acceleration Accelerometer 0-60
Mast case beam acceleration Accelerometer 0-60
Mast case yaw acceleration Accelerometer 0-60
Test stand aft vertical Accelerometer 0-135
acceleration
Test stand aft lateral Accelerometer 0-135
acceleration
Test stand forward vertical Accelerometer 0-60
acceleration
Test stand forward lateral Accelerometer 0-60
accelerometer

I11-15
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IV. PERFORMANCE
A. GENERAL

The BHC 25-foot-diameter proprotor was tested in the NASA-Ames
40- by 80-foot wind tunnel to evaluate proprotor performance

and loads in all three modes of flight: hover. helicopter-
conversion, and airplane. The test results correlated well with
predictions.

The tests showed that this proprotor maintains good propulsive
efficiency in airplane flight mode with no compromise of its
performance in the hover or in the helicopter flight mode. The
propulsive efficiencies calculated for the cruise conditions
are approximately 75 percent. These predictions were verified
by the test data. Efficiencies in excess of 90 percent were
obtained for the higher thrust requirements. The highest
measured rotor mean lift coefficient in hover (as indicated by
the value of CTy/o) was 18 percent higher than the predicted
maximum. thermore, the helicopter-conversion flight data
were -llgbrly better than predicted.

Predictions of performance were calculated prior to the tests,
using BHC's standard prediction techniques Where test results
and predicted performance disagree. the test performance is
usually better. For example, the power required for a given
lift was not as high during the tests as was predicted.

Data are presented here by flight mode. Where applicable, i.e.,
for the proper operatlng tip speeds, data are shown for the
typical operating requ1rements of a 1¢,300-pound-gross weight
vehicle. Because engineers with diverse backgrounds will be
using them, the data have been nondimensionalized in accordance
with the two different conventions of airplane and helicopter
analysis. The appendix defines the nomenclature.

B. TEST DESCRIPTION

The wind tunnel had equipment for measuring pertinent parameters
during powered tests. BHAC supplied some additional instrumen-
tation. The six-component balance provided data which were
converted to rotor thrust, H-force, and torque. There was also
a load cell on the test stand for measuring torque. The rotor
mast (shaft) was also strain-gaged to give yet another means of
measuring torque. Generally, this report uses torque and power
figures obtained by means of the strain gages because they
seemed to be more accurate and were, furthermore, conservative
in that they showed the rotor to be consuming more power than
the other instrumentation showed. In addition to these measure-
ments, the proprotor rpm, collective pitch, cyclic pitch, and
flapping were measured. For a more detailed description of the
proprotor instrumentation and force/angle relationships, see
Subsection III.C and the appendix respectively.
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The major test variables were tip speed, tunnel speed, and shaft
angle. Table IV-1I shows the ranges tested for each of the three
flight modes. For the majority of test conditions, the collec-
tive pitch was varied while the other variables were held approx-
imately constant (cyclic was adjusted to hold fore and aft
flapping constant at zero).

TABLE IV-I. RANGE OF VARIABLES FOR POWERED TEST

Tunnel (’ . Tip Mast
Speed Speed Angle
(knots) (fps) (deg)
Hover 0 - 20 600 - 740 0 -75
Helicopter- 80 - 140 700 - 740 15 - 75
Conversion
Airplzne 120 - 185 400 - 740 0

C. CALCULATIGNS

Complete predictinns of performance for the test conditions

were computed and supplied to NASA prior to tunnel entry.

These predictions used Bell Helicopter Company program F35.

This preogram employs blade-element-momentum theory with non-
uniform inflow for hover and axial flight and uniform inflow for
the other flight conditions. it uses two-dimensicnal airfoil
data in conjunction with the blade geometric characteristics.
Reference 26 provides further discussion of the theorv. Blade
geometry is defined in Figure IV-1.

As shown, the blade has been divided into four major segments,
the maximum number of d°visions allowed by the program for the
input of geometric and airfoil sections properties. For calcu-
lation purposzs, each of the major segments is subdivided in
such a way that each blade is represented by 22 elements. The
program limitation of four segments resulted in an inability to
match exactly the inboard twist and chord.

The airfoil section data for each of the four segments are shown
in Figures IV-2 through IV-5. Also shown are wmodifications made
to these data in an attempt to obtain better correlition with the
nover data, as discussed in Subsection IV.E.1. The unmodified
section data are used throughout this report except as noted for
hover. The airfoil data for the first section were obtained from
two-dimensional tests conducted in the General Dynamics-Convair
low-speed wind tunnel. The data for the outboard three sections
were obtained from tests conducted in the United Aircraft
Research Laboratories high-speed wind tunnel.
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In addition to the geometric properties of the rotor and the
airfoil section data, other inputs include the number of blades,
tip speed, speed of sound, freestieam velocity, air density
ratio, mast angle, and collective pitch or thrust.

Tip loss is normally calculated by equating to zero the lift of
the blade segment outboard of the spanwise station determined by

the relation
R

B=1- o™
b
The program also allows the user to enter any arbitrary constant
tip loss factor. The program then utilizes this factor as

explained above; i.e., no lift is produced on the blade outboard
of the station set by the tip loss factor.

D. SPINNER TARE DATA

Figures 1V-6 through IV-8 show the Lift and drag tares used during
the test. Approximate tare data were obtained initially with the
blade spindles protruding from the spinner. After the test was
completed, these spindles were removed and data obtained

for both a smooth spinner and one with the blade holes

open. In general, curves are faired through all of the data
since neither case is truly representative of the actual test
conditions. Figure IV-6 shows the effect of the spinner base
pressure on the drag tare when the proprotor is in the axial
flight mode. Most of the spinner drag was due to skin friction
rather than base pressure since during the test the measured

AP/q value never exceeded 0.1. These low base pressures were
probably a result of the one- to one-and-one-half-inch gap
between the spinner and test stand shroud. Also shown in this
figure are the tare data previously measured on a one-fifth-
scale proprotor model.

Figures IV-7 and IV-8 show the lift and drag tare data used in
reducing the helicopter-conversion data. During the spindle-off
tare tests, the lift balance data become questionable. In order
to obtain the proper lift tare for this condition, the incremental
values determined from the one-fiftii~scale tests were applied to
the full-scale data.

E. RESULTS AND CORRELATION

Figures IV~C through IV-36 show the calculated data and powered
test results. The data are separated into the hover, helicopter-
conversion, and axial or airplane flight modes for clarity of
presentation. These data are shown in both dimensional and
nondimensional form. Nondimensional data have been shown in heoth
airplane ard helicopter nomenclature where applicable. All
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coefficlients are in airplane terms unless noted. Definitions for
all corfficients and parameters are found in the appendix. Also
in the appedix is a computer listing of all dimensional test
data.

All correlation was made in terms of forces and horsepower because
they are of primary interest. Correlation with respect to mast
angle has been shown by stating the value of mast angle where
applicable (helicopter-conversion mode). As the data indicate,
good correlation was obtaired when the flapping angle was less
than +0.5 degree. The correlation between the calculated and
measured data becomes less accurate as the shaft angle 1is in-
creased, especially beyond 60 degrees. Tt should be noted, how-
ever, that the disagreement is one of conservatism, i.e., more
1ift and/or propulsive force was produced for a given horsepower.
Two contributing factors are (1) the difficulty of determlnlng
the absolute mast angle under loaded and dynamic conditions, and
(2) the effects of the proximity of the tunnel ceiling for the
higher mast angles.

No tunnel angularlty corrections have been made to the test data.
Such corrections might have some significance for the conditions
where the proprotor was at large mast argle positions (60-75
degrees) and the blade tips approached the tunnel roof. To put

in perspective all the variables. including the tip-path-plane
angle (axppp) and the tip collective angle (#T1p), maps of calcu-
lated data are shown in Figures IV-20 and IV-21 for the helicopter-
conversion flight modes at 80- and 140-knot tunnel speeds.

hl

1. Hover Flight Mode

tigures IV-9 and IV-12 show the results of the hover tests. Data
were taken for proprotor tip speeds ¢i 600 and 740 feet per second
and for mast angle settings of O, 30, 60, and 75 degrees. Overall
correlation between the test and predicted data is good. For the
lower mast angle settings, the induced flow in the tunnel is
responsible for the increase in power relative to the calculated
data. The tunnel fans were operated in reverse to minimize flow
through the test section, but were not entirely effective. The
data for the higher mast angle settings may be sllghtly optimistic
from a power standpoint due to the recirculation in the test
section, although test section top doors were partially opened to
minimize that effect. The roter plane was more than one rotor
diameter above the tunnel floor, which would ordinarily 2xclude
ground effect; however, since the tunnel is rounded on the sides,
other recirculation effects may have been present.

The prediction .f hover performance and (to a lesser extent)
potential maneuverlng performar:e of a new rotor depends upon

the accuracy of pred1ct10n° of che maximum thrust of the rotor.
Predictions of the maximum thrust of this rotor have been more
conservative as they should have been, with the predicted maximum
values falling well below that measured. On the assumption that
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the prediction methods were primarily responsible for the non-
exact correlation, not the test procedures or data reduction,
the prediction methods were examined.

Of special ‘nierest was the degree to which some of the input
variables sffzcted the predictions. This was investigated by
modifying the inputs as follows:

- Tip loss factor = 0.97

- Tip loss factor 1.00

- Tip loss factor = 0.97 and modified blade element

characteristics

This was a departure from the use of the expression given in
IV.C for calculating the tip loss factor. The 0.97 factor has
been used in the past to improve the correlation between the
predicted and the actual performance of helicopter tail rotors.
Like the tail rotor, the proprotor has a comparatively high disc
loading, and therefore the tip loss factor which is applicable
for one should be correct for the other.

The 0.97 tip loss factor did improve the correlation, but not
sufficiently. The 1.00 factor was also inadequate, and further-
more was rather unrealistic. Therefore, the tip loss factor was
returned to 0.97 aud the blade element data modified slightly as
shown in Figures IV-2 through IV-5. This combined adjustment
put the calculated performance in good agreement with the meas-
ured performance.

2. Helicopter-Conversion Flight Mode

Figures IV-14 through IV-19 show (nondimensionally) the variation
of horsepower as a function of proprotor lift and propulsive
force for mast angles of 15, 30, 606, and 75 degrees, a tunnel
speed range of 80 to l4C knots, and tip speeds of 700 and 740
feet per second.

Generally, correlation is best at the lower mast angles, with some
deviations occurring with increasing mast angle. The deviations
at the higher mast angles may be attributed to an inability to
determine the tip-path-plane angle with sufficient accuracy and to
the fact that a constant mast angle does not insure a constant
tip-path-plane angle as shown by the following relation:

+

arpp = *MAST - 90

als
An arbitrary limit of *0.5 degrees has been placed on the value
of flapping angle, and all data outside this 1limit have been
flagged. At the higher mast angles this angle range limit could
show the sensitivity of the cther variables to the tip-path-plane
and tip-collective angles.
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Figure IV-22 shows the correlation between measured and calcu-
lated horsepower for all of the helicopter-conversion data. The
data were calculated for the measured lift and propulsive force
for this correlation. The figure shows a conservative trend for
the calculatcd data.

3. Airplane Flight Mode

Figures IV-23 through ‘IV-36 contain airplane mode (axial) data.
Figures 1IV-23 through IV-32 show the propulsive force and effi-
ciency data as a function of horsepower. Data are presented for
tunnel speeds of 120, 1960, and 185 knots and tip speeds ranging
from 400 to 740 feed per second. Correlation for this data 1is
good and where a deviation exists, the calculated data are
usually conservative.

Figures IV-33 through IV-35 show the above-mentioned data in the
nondimensional form of propulsive efficiency as a function of
power coefficient.

Figure IV-36 show a correlatior between calculated and measured
norsepower for all test conditions. The calculated horsepower
data were evaluated for the measured valuves of propulsive force.
This figure shows the trend of the calculated data to be more
conservative at the higher values of horsepower.
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V. DYNAMIC STABILITY

A. MODELING TECHNIQUES

1. Justification of Semispan Canuvilever Model

Semispan cantilever models are often used in the study of fixed-
wing aeroelastic problems. One reason for this is that the
aeroelastic characteristics of the cantilever model are generally
conservative (for example, flutter can be triggered at lower
speeds on the cantilever model than on the free-free wing).
Theory indicates that this is also true for proprotor/pylon
dynamic stability (sometimes called whirl flutter). Figure V-1
compares the calculated va-iation of the characteristic roots
of a semispan cantilever wing with airspeed with those of the
complete aircraft. The wmodes are identified as being symmetric
or asymmetric for clarity. The math wmwodel used for theory in-
cludes the fundamental beam, chord, and torsion modes of the
wing, the proprotor flapping and first inplane bending modzs.
For the complete aircraft, the six rigid-bedv degrees of freedom
and associated airframe zerodynamics are included, together with
the drive system (including engine and interconnect shafting).
The proprotor and airframe aerodynamics have been corrected for
compressibility.

The most noteworthy difference between root loci of the cantilever
wing and those of the complete aircraft is the lower frequency and
damping of the wing beam, chord, and torsion modes of the canti-
iever wing. This indicates that the flutter characteristics of
the cantilever wing will be conservative (as References 20 and 22
explain in some detail).

2. Reduced Stiffness Test Stand

For a portion of the dynamic tests, a test stand was used having
a stiffoness of one-fourth that of the normal design stiffness.
The use of this stand and operation at one half the standard
pronrotor rpm preserves the frequency relationships between the
blade flapping and wing modes and the proprotor inflow angles
but not the blade¢ elastic mode frequency relationships and com-
pressibility effe:ts on the prcoprotor aercdynamics. However,
calrulations indicate that the latter effects are not significant
for proprctors wnere the lowest blade elastic mode is above one
per rev and for airspeeds up to 400 knots. Figure V-2 compares
the roo* variation with airspeed of the one-fourth-design-stiff-
ness test stand with that for the cantilever wing of Figure V-1.
The characteristics of the wing fundamental beam and chord mode
roots are nearly identical, while those of the wing torsion mode
are more heavily damped. The root characteristics of the blade
flapping and inplane elastic modes are different, but the prin-
cipal modes of interest are those of the wing beam and chord
since they are the most lightly dawmped.
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The damping of the wing fundamental beam and chord modes is
compared further in Figure V-3. Note that the damping of modes
on the one-fourth-stiffness stand is only slightly higher than
that of the cantilever wing at airspeeds above 300 knots. This
is due to compressibility eifects not being fully represented in
the one-fourth-stiffness stand. (Also shown in Figure V-3 is
the small difference in damping when the standard stiffness hub
restraint is used instead of the scaled onc-quarter stiffness
hub restraint, as was the case in the dynamic stability test.)

Clearly, the dynamic stability data from the one-fourth-design-
stiffness test stand, along with that of the design-stiffness
stand, can be used to forecast the dynamic stability character-
istics of the complete aircraft.

Figure V-4 is a summary of the measured damping of the wing beam
mode for both test stands up to a simulated airspeed of 408

knots. Note that the data for the one-fourth-design-stiffness
stand are not at constant rpm; the collective pitch encountered
its mechanical liwit at a simulated 310 knots, hence rpm increased
with increasing airspeed (constant inflow angle). The apparent
fall-off in cdamping above 320 knots is due to the increasing rpm.
For reference, the predicted damping is shown for constant rpm

and for the test rpm range. Also shown in Figure V-4 are data
from tests 2f a one-fifth-scale semispan aeroelastic model. Thcse
data confirm the high level of proprotor pylon stability predicted
for the Model 300 aircraft.

B. TEST PROCEDURES

Most of the dynemic stability data were taken with the wind
tunnel balance frame locked out. This was done because it had
become apparent during the vibration survey of the design-
stiffness test stand installation that *there was relatively
strong coipling between the stand modes and the balance modes.
The frequencies of the fundamental beamwise, chordwise, and
torsion modes were slightly lower with the balance free. Also,
the damping of the wing chord mode was lower with the balance
free. For the one-fourth-design-stiffness stand the lateral
translation frequency of the balance (1.8 cps) was predicted to
have strong coupling with the beamwise bending frequency of the
stanc (1.4 cps) and to influence the dynamic stability character-
istics.

The frequency and damping of the test stand modes were determined
at each data point by means of the two-square-foot aerodynamic
vane Located on the nacelle fairing (mounted vertically in the
tunnel sense). The frequeuncy of oscillatiorn of the vane in pitch
was adjusted at each point so as to force the selected mode at
resonance. (A lissajous figure was generated on a dual-axis
cscillescope to locate resonant frequencies.) When the response
was sufficiently high the vane excitation was turned off and the
resulting “ecay of the test stand motion analyzed to determine
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the mode frequency and damping. Figure V-5 shows a typical
decay history and illustrates the method used to calculate
frequency and damping.

This method proved highly satisfactory for the stand fundamental
t=am and torsion modes, but did not permit ready determination

cf the stand chordwise bending mode characteristics. In the case
of the chordwise mode the excitation was low compared to the
beamwise and torsion modes. However, it was also evident from
the absence of any transient response in the chordwise bending
mode that its damping was relatively high. (With the proprotor
blades removed and replaced by equivalent weights, the chord

mode damping was low and frequency and damping were measured.)

The sysiem natural frequencies were also excited by oscillating
the swashplate. This method was satisfactory, but had the sawme
limitations as the aerodynamic vane insofar as the wing chord
mode was concerned.

A frequency sweep in the frequency range of the proprotor flap-
ping and blade inplane modes confirmed that these modes were
heavily damped. Frequency sweeps up to 45 cycles per second
showed little response in any modes other than the wing funda-
mental beam, chord, and torsion modes.

C. MEASURED STABILITY CHARACTERISTICS

1. Design-Stiffness Test Stand

The contribution of the wing and pylon airlocads to the test stand
stability characteristics was determined by removing the prop-
rotor blades and replacing them with equivalent lumped weights.
Frequency and damping were determined for wind speeds up to the
tunnel maximum speed (204 knots) and for angles of attack up to
18 degrees at 100 kncts and 8 aegrees at 185 knots.

With the proprotor blades installed, wiud speed and angle of
attack sweeps were made, as w2ll as proprotor rpm sweceps up to
the overspeed rpm. Two pylon configurations were tested: (1)

a configuration sim.’ating the pylon-to-wirg attachment when the
oylon is fully convertred so that a downstop s engaged (the

yaw link in configuration), and (2) a configuration simulating
a con”’ition where the pylon is slmost fully converted, but the
downstop is not yet er zaged (the yaw link out configuration).
The dynamic stability was found to be essentially the same “Hr
bo h configuracions.

Figures V-6 through V-8 sum rize the measured variation i1 test
stand beamwise, chordwise, and torsion anod. damping with air-
speed. The static frequency and da.p’ng are shown for each mode.

The iafluvnce ot wing/mast angle of attack on the dynawic sta-
oility was measured at two ¢ ‘rspeeds. The beam mode frequency
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and damping variation with .angle of attack at the higher air-
speed, 185 knots, is shown in Flgure V-9. The variatien is
negligible. Wing chord and torsion mode excitations were not
made. The influence of proprotor rpm on beam mode stability
is shown in Figure V-10.

2. One-Fourth-Design-Stiffness Test Stand

The contribution of the wing-pylon aerodynamics to the system
frequency and damplng was establisned by removing the blades
and replacing them with equ1va1ert weights. The wind speed was
varied up to the tunnel maximum spced and mast angle of attack
sweeps made at 92.5 knots (proprotor inflow equivalent to the
185 knot data from the design stiffness test)and 132.5 knots
(simulated 265 knots).

The airspeed and mast angle of attack sweeps were repeated with
the proprotor blades installed. 1In addition, proprotor rpm
sweeps up to a simulated 1200 rpm were made at 150 and 170 knots,
simulating 300 and 340 knots respectively. The pylon configura-
tion tested simulated the pylon fully converted and on a down-
stop.

The variation in frequency and damping of the stand beam, chord,
and torsion modes with wind speed is shown in Figures V-1l
through V-13. Data from BHC tests of a one-fifth-scale dynamwic
model are shown, as well as the predicted frequency and damping.
Note that the one-fourth-design-stiffness data are not for a
constant rpm; the upper limit on the collective pitch was
reached at a wind speed of 150 knots and the rpm therefore
increased as wind speed increased (time considerations precluded
reindexing the blade pitch hcrns to achieve the collective re-
quired for operation at 229 rpm up to the maximum tunnel speed).
The downward trend in stability at wind speeds above 150 knots
is associated with the increasing rpm. At a constant 229 rpm
the stability would increase monotonically with wind speed as
shown by the predicted damping at constant rpm. The limited
data on the chord mode frequency and damping are due to the
inability to excite the chord mode with the aerodynamic vane.

Figure V-14 shows tne variation in frequency and damping of the
wing beam mode with angle of attack at a simulated airspeed of
265 knots. The angle of attack data taken at 92.5 knots were
in good agreement with the 185-knot design-stiffness stand data.

The measured variation in frequency and damping of the wing beam
mode with proprotor rpm at 150 knots and 170 knots is shcwn in
Figures V-15 and V-16, respectively. The damping trend wit’ rpm
for the 170-knot (340 knots simulated) condition indicated hat
neutral stability would occur at a somewhat higher rpm than the
maximum tested. The maximum tested was 420 rpm and simulated
840 rpm, or 180 percent of the normal operating rpm. Damping
of the w1ng torsion mode showed a siwmilar reaction to rpm, as
shown in Figure V-17.

300-099-004 V-4



@ BELL HELICOPTER compPany

D. CORRELATION OF THEORY WITH MEASURED DYNAMIC STABILITY
CHARACTERISTICS

For each test condition the frequency and damping of the test
stand modes were predicted by means of two independent analyses.
These predicted characteristics are shown in Figures V-6 through
V-17. The linear analysis, BHC Proprotor Stability Analysis,
DYN4 /computer program DRALO6). is based upon perturbation
theory. The nonlinear analysis, BHC Proprotor Aeroelastic
Analysis, DYNS5 (computer program ARAPO8), is based on nonlinear
open-form theory. A brief description of each analysis is given
in the paragraphs below. Complete detzil, including the equa-
tions of moticn, is contained in References 27 and 28.

- Proprotor Stability Analysis, DYN4

Program DYN4 is a linear, twenty-one-degree-of-freedom
proprotor stability analysis It can determine the
proprotor/pylon, blade motion, and flight mode stability
characteristics of a tilt-rotor vehicle. A tip-path-
plane representation is used for the proprotor, and
linear aerodynamic functions are assumed. Details such
as pitch-axis preconing, underslinging, pitch-flap
coupling, and flapping restraint are included. The first
inplane blade mode is represented. Control system flex-
ibility may also be simulated. Five coupled wing/pylon
elastic modes are represented: wing “eam, chord, and
torsion, and pylon pitch and yaw. 3ix rigid body degrees
of freedom are included to allow sirulation of free-free
bedy conditions and the aircraft short period flight

me des.

Inputs to DYN4 are lumped parameters describing the
dimensions, inertia, stiffness, and kinematics of the
aircraft being simulated. Standard aircraft stability
derivatives are used to study the influence of the
proprotors and the wing/pylon dynamics on the stability
of the flight modes. Outputs are system eigenvalues and
eigenvectors. Root loci can be plotted automatically.

- Proprotor Aerolastic Analysis, DYNS

Program DYN5 is a nonlinear, open-form proprotor aero-
elastic analysis that uses the same basic mathematical
model as DYN4. This program calculates proprotor loads,
vipratioun, and stability in helicopter, conversion, and
high-speed modes. A special version of the prograw was
developed for the Air Force under Contract F33615-69-C-
1339, "Vibration in V/STOL Aircraft,'" Reference 28,

The dynamic equations of motion were derived using the

Lagraugian method. Provisions for large flapping and
feathering motion are included in DYN5. Swe'l aungle

399-099-004 V-5
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assumptions are made on the wing-pylon and blade elastic
degrees of freedom. The aerodynamic functions used in
DYNS are the same as those used in the Bell Rotor Perform-
ance Analysis, F35. Cj, C4, and Cp are input in tabular
form for a 180-degree range of angle of attack and for
Mach numbers up to 0.9. Tables for different profiles
may be input to account for differences in the blade
secticn from root to tip, thereby properly accounting

for blade stall and compressibility effects.

DYNS is programmed for solution by digital computer. A
predictor-corrector integration technique is used ia the
solution of the simultaneous equations of motion; integra-
tion interval may be varied as a function of azimuth.
Input to the program consists of lumped parameters and the
coupled normal modes of the wing, pylon, and proprotor.
The output consists of a time history of the wing and
pylon motions, and the blade flapping and elastic deflec-
tion. Generally, initial conditions are input to minimize
the time required for convergence to steady state trim.
For stability investigations, the transient response to
external inputs or to initial conditions can be calcu-
lated.

Figures V-11 through V-16 show frequency and damping data from
HC tests of a one-fifth-scale aerocelastic model. These data

justify the hypothesis that proprotor dynamic behavior can be

predicted by means of smaller scale models or a minimum-sized

research aircraft.

In general the correlation is excellent. The nonlinear analysis
is in better agreement with the actual damping than is the

linear analysis., but both analyses are conservative. W ile

few mezsured data on the wing chord mode were obtained, the
excellent correlation with regard to the wing beam mode indicates
that the stability of the chord mode can be predicted. Further-
more, the one-fifth-scale model chord mode characteristics are

in good agreement with theory.
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VI. BLADT FLAPPING

A. AIRPLAXE MODE DERIVATIVES

Blade flappin~ in airplane mode. manifested as steady tilting of
the proprotor disc. vas veasured for eight combinations cf rpm
and wind-tunnei sreed during the dvnaric stability test. One
corbination was . peated during the powered test to obtain an
indication of the influence of wing-prcoroter aerodvnamic inter-
ference on blade flapping.

1. Measured Derivatives

Figure VI-1 shows an exa”ule of the Teacurod blade flapplng
versus Tast angle of attack The measured longitudinal flapplng
(a]), is nearly linear in nature: a straight line approximation
was made to arrive at the derivative, ga} daq- The lateral
flapping (by), 1is nearlv linear from aq = 0 toay = 26 , but
has a shift between ap = 0 and ay = -2 . This shift appears
in other flapping versus mast angle of attack data and is
believed to be caused by an instruventation irregularity. The
measured lateral flapping derivative, dby da, was estimated
using the slope hetween ay = 0 and a, = +6

The flapping .erivatives for the other rpr-wind speed corbina-
tions are tabulated in Table VI-I. Comparison of the 1&5-knot.
S00-rpm data from the dynatic stabilitv test with those from the
powered test 1indicates that wing-proprotor aerodvnamic inter-
ference has no infitvence on the longitudinal flapping response
but nearly doubles the lateral fiapping response. However. since
the lateral flapping is relatively small. the cverall influence
on the flapping response to angle of attack appears to be negli-
gible.

2. OCarrelatic of Theory with Measured Flapping

Two analytical methods are compared with the wmeasured flapping
derivatives shown in Figure VI-1 and Table Vi-I. The linear
theory is based on the lirear, small perturbation. proprctor
dynaric stability analysis: the rnonlinear theory is basec on the
linear open-form proprotor aeroelastic analysis The bases,
assumptlcns,and linitations of these analys_b,olscussed earlier
in Section V, also apply to the flapping derivative theory.

Both theories accurately gredict the measured longitudiral
derivatives. The nonlinear theory is in better agreement with
the lateral derivatives than is the linear theory. This is

due to the secondary factors such as precoune, blade flexibility.
and wing-proprotor aerodynamic interference included in the non-
linear theory.

In general, the correlation between theory and measured flapping

is excellent. Figure VI-2 sumnarizes the correlation with regard
to the total flapping derivative dJB/3an.
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TABLE V1-1I. MEASURED AND CALCULATED FLAPPING DERIVATIVE.s IN ATIRPLANE MODE
0B/0« fay/da 8by /8«

Veloc- Meas - Calculated Meas- | Calculated | Meas- Calculated

ity RPM | ured ||inear|Nonlinear| YTed | Linear |Nonlinear | “red [ Linear|Nonlinear
100 L25| .182 167 167 .187 .163 147 . 096 .038 097
140 425 .320 .316 .354 .328 .305 .295 171 084 171
140 458 | .300 <290 266 .357 .263 L2234 171 074 144
185" 500] .415 .380 415 .398 .369 . 362 219 125 .218
100 4221 .179 .169 .180 .181 .165 .150 078 .038 100

92.5( 250 | .475% 475 .L80 L4480 476 JUkS .120 060 .131
132.5] 229} .970 .988 .960 . 960 . 961 .925 300 071 . 256
185+ [ 50U | ,408 .380 - +390 .369 - 125 125 -

Dynamic test

" Powered test
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B. FLAPPING CONTROLLER INVESTIGATION

The autoratic flapping ccatrcller was tested only on the ore-
fourtn-design-stiffness stand. As noted earlier in Section V,
the one-fourth-design-stiffness nub restraint was not used
during the one-fourth-design-stiffness stand test. Since the
flapping controller wa: configured to be used with the cne-fourth-
design-stiffness hub restraint. its performance was somewhat
reduced. Furthermore, the swashplate phasing was not optimum
for the monocyclic controller. However. the test data are ade-
quate to verify correlation betwean theory and measured control-
ler characteristics and to demonstrate the feasibility of a
flapping controller.

1. Test Results

To evaluate controlier stability and performance. the following
procedure was employed:

- The controller was turned off except for the hydraulic
actuator.

- The controller gains were selected.

- A step was put into the actuator. simulating to sove
extent a step vertical gust, transiently exciting both
the wing and the proprotor.

- The controller was activated, resulting in a reduction
of flapping.

- The step was removed. This initiated a transient response
which could be compared to the response with the control-
ler inactive, obtained in Step 3 above.

- A triangular pulse was input to the actuator to measure
the transient response.

- When desired, the frequency response was measured by
inputing a sinusoidal signal to the actuator.

Two types of feedback were tested: (1) integral feedback, where
the rate of cyclic input from the controller was proportional to
the flapping, and (2) lagged position feedback. Lateral by
feedback was also investigated but because of the limited by
feedback data, the results were not conclusive. '

Figure VI-3 shows the normalized flapping and wing beam bending
response to a step input for various values of integral gain at
a simulated 185 knots. Note that for all gains the aj flapping
is completely eliminated. but the magnitude of the transient
reduction and the time to wash out the flapping are functions
of the gain. Also evident is the apparent reduction in damping

300-099-004 VI-3
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of the blade {lzpping mode as the gain is Increased. Extrapc-
lation of the damping with gain relationships indicates neutral
stability at a gain of approximately l1 to 12 degrees per second
per degree.

Also evident in Figure VI-3 is an increase in the wing beawmwise
motion with increasing gain. 1In the simple controller tested
(which could be duplicated using a hydromechanical svstem in an
operaticnal aircraft), there were no compensation networks to
mitigate inputs at the test stand natural frequencies. At the
wing beam frequency the input was phased so as to increase
flapping and hetce the wing response. A notch filter could be
employed in an operational controller to eliminate the increased
response or networks added which would even reduce the unaugmernted
response.

Data similar to those shown in Figure VI-3 were also taken at a
sivulated 265 knots. The system became unstable at a gain of
approximately five.

Figure VI-4 summarizes the system stability boundaries. the
reduction in transient flapplng. and the increase in wing beam
response as a function of gain. The recommended gain level shown
in Figure VI-4(a) is based on the generally accepted gain margin
of 6-8. Note that the gain will have to be varied with airspeed
or the value at the liwilt dive speed employed.

Noteworthy is the evidence that for a relatively low-gair integral
controller, a large reduction in transient flapping can be
achieved. For example, for a gain of unity, the transient flap-
ping is reduced by approximately 30 percent. This gain controller
has a negligible effect on stability and causes only a small in-
crease in wing-beam bending response.

The measured system response to lagged position gain is shown in
Figure VI-5. Lagged position gain was somewhat more effective
than integral gain in reducing transient flapping, but produced
more wing response. A reduction in stability with gain was also
evident.

Combinations of integral gain and lagged position gain were
tested to determine an optimum controller cornfiguration. Figure
VI-6 shows the measured flapping response at simulated airspeeds
of 185 knots and 265 knots for two cowbinations of gains. 1In
this case a significant reduction in flapping is evident, but at
the expense of a reduction 1n system damping.

The response of the optimum configuration to step and triangular
shaped pulses is shown in Figures VI-7 and -8. respectively. A
significant reduction in transient flapplng is achieved with
negligible reduction in system damping. The increase in wing
beam response is small with this configuration.
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2. Correlation of Theory with Measured Stability and Performance

The BHC flapping controller theory is based on the linear, small
perturbation dynamic stability analysis described in Section V.
The method involves generating transfer functions for longitu-
dinal and lateral flapping as a function of the swashplate input,
and coupling them with equations representing the controller.

The system stability and frequency response is then calculated
using the coupled equations.

Correlation between theory and measured characteristics is good.
This is best indicated by comparison between the measured and
predicted longitudinal flapping frequency response, shown in
Figure VI-9. Note that che general shape of the amplitude and
phase compares very well with the predicted response. However,
the low-frequency response 1s higher than predicted. (The
predicted wing resonant frequency is higher than tested because
the root flexibility introduced by the wind-tunnel mount was not
known when the predictions were made.)

A comparison of the predicted and measured stability boundaries
with integral gain is shown in Figure VI-4. The relatively small
difference is probably due to differences between the test stand
configuration analyzed and the one tested: namely the beamwise
frequency and the hub restraint.

The measured stability boundary for position gain 1s somewhat
higher than the predicted value. At a siwmulated 185 knots, the
neutral stability gain with an 0.18-second lag is 3.0 compared
to a predicted 2.2. This error is not readily explained by the
data and was possibly due to an error in the system calibration,
e.g., the lag may have been slightly longer than 0.18 and or the
gain may have been slightly lower than it was thought to be.
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VII. BLADE AND COXTROL SYST®EM LOADS
A. GENERAL

Blade and control loads were recorded throughout the performance
tests, and during the airplane mode portions of the dynamic
tests. Several additional runs were made for the primary purpose
of cttaining loads data.

During the powered tests. the majority of the data were obtained
with the proprotor longitudiial flapping (a)) trirmed to zero by
the application of cyclic pitch to simplify the test procedure.
Extrapolating the data to simulate conversion at a constant
fuselage angle-of-attack results in a wide. insensitive conver-
sion corridor. Figure VII-1 shows that conversion corridor based
on the mweasured loads.

Prior to the test. calculations of predicted blade loads errone-
ously incorporated a swashpliate arrangewment such that for cyclic
inputs the maxiwnur blade angle variation occurred at an aziwmuth
of 90 degrees. The actual arrangewment of the Tronocyclic swash-
plate was such that the wmaxitum blade angle variation occurred

at an azimuth of 75 degrees. The loads wmeasured during the test
were in reasonable agreement with the predicted loads for heli-
copter and airplane modes, but were higher than the predicted
lcads far conversion mode. When the prediction calculations were
conducted to reflect the actua! swashplate arrangement. predicted
loads for the conversion mode correlated with the measured loads.

B. MEASURED BLADY AND CONTROL LOADS

Figure VII-2 shows the waveforms of the blade and control loads
for a range of mast angles corresponding to helicopter. conver-
sion, and airplane modes. Several characteristics are evident:
(1) One-per-rev loads are dominant, a normal characteristic of
the semirigid rotor. and peak at an aziwmuth of 270 degrees
because of the drag load of the retreating blade in helicopter
mode and the gravity-induced load as the pylon is converted.

(2) Higher harmonic loads are low. confirming that the Model 300
proprotor is free of resonance problems. (3) The pitch-link
trace is free of stall-flutter characteristics., confirming free -
dom from stall-fliutter problewms. The blade loads smooth out
progressively as the pylon is converted from helicopter to air-
plane mode, reflecting the reduction in skewed flow. 1In airplane
mode, the only oscillatory force is from gravity at one per rev.
Consequently, the airplane mode osciilatory loads are extremely
low.
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1. Loads in Helicopter Mode, o MAST = +75 Degrees

Figure VII-3 shows a typical distribution of spanwise oscilla-
tory beunding moments for a relatively high thrust, higa wind-
speed condition. For comparison, the calculated endurznce limit
is also shown. When the ratio of the measured load to the os-
cillatory load is considered, the station 52.5 beamwise bending
moment and the spindle chordwise bending moment are the most
critical. (This is also true for conversion and airplane mode.)
Consequently, the loads data presented in this report pertain to
the station 52.5 beamwise and the spindle chordwise loads (and
the pitch link load, which indicates blade torsional loads and
control system loads).

The variation in oscillatory loads versus thrust for three wind
speeds is shown in Figures VII-4 through VII-6é for station 52.5
beamwise bending moment, the spindle chordwise bending moment,
and the pitch link loads. Figure VII-7 shows the variation in
blade and control loads with airspeed for a constant thrust.

2. Conversion Mode, a . cp = +60 Degrees, +30 Degrees,
and +15 Degrees

The design *ip speed in conversion mode is 700 fps, but most of
the test data for conversion mode were taken at 740 fps since

a test stand frequency was in resonance with two per rev at the
rpm corresponding to 700 fps {(see Sections III and VIII). Test
stand oscillatory load considerations dictated limited use of

the rpm corresponding to a tip speed of 700 fps. Comparison of
the small amount of blade load data taken at 700 fps with those
taken at 740 fps reve-ls a negligible difference in magnitude and
trend.

Figures VII-8 through VII-10 show the measured blade and yoke
berding moments and pitch link loads versus thrust for several
conversion angles. The most ncticeable trend with conversion
angle is the steady reduction in sensitivity to thrust as the
shaft angle of attack is reduced.

3. Airplane Mode, @ MAST - 0 Degrees

The airplane mode data were taken with zero cyclic pitch, in con-
trast to '.elicopter and conversion mode where longitudinal cyclic
was used to zero the longitudinal flapping.

The variation in blade and control oscillatory loads with air-
speed and thrust was small, as shown in Figure VII-11. This was
expected, becavse the oscillating excitation In the axial flow
condition is primaril; due to gravity.

The variation witl: mast angle of attack is shown in Figure VII-12

for 500 rpm and a wind speed of 185 knots. This same variation
at the identical test conditions was determined during the dynamic
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test with the proprotor mounted at the witg tip. A comparison of
the data was made to determine the influence of wing-proprotor
aerodynamic interference on blade loads. Titat influence was found
to be small.

The steady pitch link loads are higher in airplane mode than they
are in helicopter and conversion modes because the collective
pitch is higher. Figure VII-13 shows the variation in pitch-liuk
steady loads with airspeed in airplane mode. The influence of
thrust on the steady load is small. Representative pitch link
steady loads for helicopter and conversion mode are also shown
for comparison.

C. CORREIATION OF THEORY WITH MEASUPED OSCILLATORY LOADS

Theoretical blade loads were calculated by means of a hybrid
computer version of the BHC Proprotor Aeroelastic Analysis,
Program DYNS, described in Section V. The hybrid version has
been developed specifically for the purpose of computing biade
loads for wind tunnel test conditions. While there were some
differences between the loads predicted before the test and the
measured loads, these have been traced to the swashplate phasing
error discussed in Subsection VII.A.

With the input errors corrected, the correlation is excellent.
(The theory appears to be slightly conservative.) The predicted
oscillatory loads are plotted in Figures VII-3 through VII-13
with the measured data shown for comparison.

No attempt has been made to predict the oscillatory pitch link
loads, hence correlative data are not shown. The design oscil-
latory loads were established by means of an empirical method
which BHC uses for semirigid rotors. The steady pitching moment
of the blade has been calculated for airplane mode and is com-
pared with the measured steady load in Figure VII-13. The cor-
relation is excellent.
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VI1I. NXNOISE AND VIBRATION
A. NOISE

During powered testing a microphone 68 feet upstream of the
model and 5 feet above the floor on the centerline of the

tunnel monitored the noise level. (This location is the same
as that for a past program which measured the roise of conven-
tional rotors. See References 29 and 30 ' The output of the

microphone was recorded for mast tilt angles from zero to 75
degrees, for several tip speeds, and at various thrust and
power settings.

Figure VIII-1 shows the comparison between proprotor and con-
ventional rotor roise. For tunnel velocities above about 80
knots, the noise of the proprotor in takeoff mode is lower than
that of a square-tipped conventional rotor. Also, the rate of
increase in proprotor noise. as tunnel velocity increases, is
somewhat less than for conventional rotor:. The proprotor's
noise in cruise mode, at tilt angles between zero and 30 degrees,
is at least 7 decibels lower than that for the takeoff mode.
(Predictions show a reduction on the order of 15 decibels.)

The proprotor sounds more like a propeller than a rotor, lacking
the loud blade slap which is characteristic of conventional
rotors at high speeds. 1In cruise mode, the proprotor is reason-
ably quiet--quiet enough, in fact, that the sound of the wind
tunnel masks it alwost completely.

The noise measurements shown in Figure VIII-1 can be extrapolated
to give estimated noise levels for the Model 300. Figure VIII-2
shows the results of such an extrapolation, and shows the noise
characteristics of a variaty of other air and surface vehicles
for purposes of comparison. As the figure shows, the noise of
the Model 3090 during takeoff will be about the same as “~hat of a
medium helicopter, whereas its noise in cruise flight w_11 be
about the same as that of a light helicopter. The observer on

a busy street corner would be unable to hear the Model 300 pass-
ing over in cruise flight at an altitude of 1000 feet.

B. VIBRATION

Vibration levels were measured at two stations on the dynawic
test stand pylon: tle intersection of the centerlines of the
conversion spindle and mast (Pylon Station 0), and at Pylon
Station 36. At Staticn O the vibration was measured along the
shaft axis, in the wing beam sense, and in the pylon yaw sense.
At Station 36, the vibration was weasured in the wing beam and
pylon yaw senses.

The dowminant vibration was at the blade passage frequency (three

per rev) and was due to aerodynamic interference between the wing
and the proprotor. 1Its amplitude increased with both airspeed
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and mast angle of attack. The amplitude was extremely seasitive
to rpu in the case of the design-stiffness test stand since the
lateral be:.ding natural frequency of the mast was in resonance
with three-per-rev excitations at 470 rpm.

As noted in Section III, the dynamic test stands do not respond
exactly as the Mcdel 300 wing-pylon system would in the normal
operating rpm, three-per-rev frequency range because their
structural details (such as the transmission and pylon case,
engine installation, and the mast) are not dynamically similar.
Detailed scaling of these features was not necessary to duplicate
dynamic stability characteristics. Natural frequencies of both
test stands were close to resonance with three per rev, producing
relatively high three-per-rev vibrations. Even so. the test
operation was not significantly restricted.

Five accelerometers were installed on the powered test stand,
primarily for the purpose of monitoring test stand oscillatory
loads. The torquemeter bolt ring was estimated to be the
critical member of the test stand, and therefore acceleration
limits were established which would preclude exceeding its
endurance limit. During the conversion and helicopter mode
tests, operation of the proprotor at 535 rpm (QR = 700 ft /sec)
was avoided because the two-per-rev vibration levels exceeded
the established 1imit. (These resulted from a test stand wmode
being in resonance at 535 rpm, with the two-per-rev torque
generated by the gimbal when the rotor flapped.) Vibration at
other proprotor speeds was not a probl=w.

1. Vibration Characteristics of the Test Stands During Normal
Proprotor Operation

Figure VIII-3 shows how the three-per-rev vibration of the
design-stiffness dynamic test stand varied with rpm. The
installation of the pylon yaw link siwmulated fully converted
airplane mode flight (pylon on the downstop)  The large ampli-
tude in the 450-470 rpm range is due to resonance of the mast
lateral bending mode with three per rev. Figure VIII-4 shows
the variation in amplitude with airspeed at constant 458 rpm.
There are no data in the 170-190-knot range because of the mast
lateral bending mode resonance at 458 rpm in this speed range.

Without the yaw link the amplitude of the three per rev was much
lower (as shown in Figure VIII-S5). In this case the introduction
of the pylon yaw mode (l4.1 cps, or 1.85 per rev) forces the mast
lateral bending mode to over 57 cps (greater than eight per rev
at 458 rpm). For that condition there are no modes near three
per rev (see Section 1II).

Figure VIII-6 shows how the vertical (beamwise) three-per-rov
vibration at Pylon Station 36 varied with simulated airspeed
or both the one-fourth and design stiffness test stands. Note
tt.at the one-fourth-design-stiffness test stand data are not
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at constant rpm because of the collective pitch limitations
discussed it Section V. At 300 knots the vibration level (1.2g)
is less than 50 percent of the Model 300 design limit (+2.5g).

Figure VIII-7 shows the influence of angle of attack ou the
vertical vibraticon at Pylon Station 36. The increase in ampli-
tude with angle of attack is due to the increasing wing upwash.

Vibration data from the powered test are summarized in Figure
VITII-8. It illustrates the trend in vibration level during a
conversion at coanstant airspeed and rpm. Since the response of
the powered test stand in the three-per-rev frequency range is
essentially invariant with conversion angle (see Section III),
the reduction in vibration level as the pylon is converted is
due to reduced excitation.

2. Vibration During Stop-Start Operation

Exploratory tests to simulate the stop-start phase of the fold-
ing proprotor concept were made on both the standard and one-
quarter-stiffness dynamic test stands. Of primary interest were
the vibration levels that would be encountered as a starting or
stopping operation passed through the various resonant frequen-
cies of the blades, wings, and pylcons. The 25-foot proprotor of
these tests was not designed to be folded in flight, therefore
did not have a flapping lockout or a high-rate collective pitch
arrangement, features which would iwprove its feathering charac-
teristics. Nevertheless, the proprotor feathered without
difficulty at airspeeds up to 265 knots (simulated) and angles
of attack up to 6 degrees.

The stop-start tests on the design-stiffness test stand were
conducted at an airspeed of 136 knots. The collective pitch
range restricted the rpm sweeps from the low pitch limit (600
rpm) to the high pitch limit (250 rpm). Several resonances of
the blade and wing were transited during these sweeps without
any significant increase in loads or vibration. The time to
change from 600 to 250 rpm was 2.75 seconds; and to return to
600 rpm, 2.48 secounds.

On the one-fourth-design-stiffness stand, stop-start tests were
at simulated speeds of 185 and 265 knots. Full stops to zero
rpm were made in both cases. At 185 knots the angle of attack
was varied from O degrees to +6 degrees. The time to stop or
start was approximately 6 seconds (equivalent to 3 seconds in
real time). The optimum real time required for the stop-start
operation has been shown by model tests to be 2 to 3 seconds.

Figure VIII-9 shows a time history of proprotor and test stand
response during stopping at 185 knots and zero angle ol attack.
As the blade passage frequency transits each of the stand natural
modes. a buildup appears. Model tests and theory (see References
22 and 28) have established that the aerodynamic interference
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between wing and rotor causes hub shears at the blade passage
frequency and generates a small amount of excitation at twice
the blade passage frequency. The shorter the time required for
stopping, the smaller the amplitude of the buildup--down to the
time for minimum buildup, given as At = 2.75. D 38.5 seconds
(Reference 26) or about 2.2 seconds in the case of a 25-foot-
diameter proprotor.

As Figure VIII-10 shows, the amplitude of the response increases
with angle of attack. The angle of attack illustrated (4 degrees)
corresponds to a l.5g maneuver. The amplitude also increases with
airspeed as shown in Figure VIII-11.

The limited number of data points keeps the results of the stop-
start tests essentially qualitative. but the tests did show that
feathering the blades and stopping the rotor is feasible. Loads
and accelerations were well within allowable limits and there
was no evidence of instability. A modified version of the 25-
foot proprotor which incorporates a flapping lockout and blade
folding will be tested in the fall of 1971.

3. Correlation of Theory with Measured Vibration

Under contract to the U.S. Air Force Flight Dynamics Laboratory,
BHC has developed a highly refined theory which predicts the

aerodynamic interference between wing and proprotor (Reference 28).
Good covrrelation with measured vibration data from dynamically
scaled models has bLeen established and is zhown in that report.

A study of the correlation of BHC vibration theory with the
vibration measured during the dynamic stability test has rot
been made. A large amount of digital computer time would be
required for such a study and berause accuracy of the theory
has already been investigated, the expense was considered unwar-
ranted. Furthermore, the data indicate the vibration problem i-
essentially one of avoiding resonance with three per rev.
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IX. CONCLUSIONS

A. GENERAL

1. Full-scale wind-tunnel tests have verified the proprotor
technology developed during the Army Composite Aircraft Program.

2. Theory and model tests form a reliable basis for the design
of full-scale proprotors.

3. The advanced design 25-foot-diameter proprotor will provide
good performance in helicopter flight, will attain high propul-
sive efficiency in airplane flight, and will have positive
dynamic stability and acceptable tlade loads.

4. These tunnel tests, by establishing that the predicted levels
of performance, stability, and load margins are attainable, pro-
vide a firm base for the next logical step in the development of
proprotor technology--a research aircraft flight program.

B. PERFORMANCE

1. Proprotors can provide lift efficiently in hover (at a typical
operating condition, thrust was measured at 8.5 pounds per horse-
power and the figure of merit was 0.78).

2. Measured static thrust exceeded the maximum predicted thrust
by 15 percent (maximum thrust was not defined in the test due to
test stand power limitations at the test rpm).

3. 1In the blade elewment momentum analysis. the use of the clas-
sical helicopter tip loss factor B = 1 - ~/2C7/b, leads to under
prediction of the maximum attainable static thrust. 1In addition
to a decreased tip loss, maximum lift coefficients higher than
measured during the two-dimensional airfoil tests must be used in
the calculations to match the highest thrust measured.

L. The proprotor provides a broad range of lift and propulsive
force for conversion.

5. For a given level of lift and propulsive force, power can be
predicted accurately. Proprotor tip path plane orientation pre-
dictions for the given force combinations are good except for
mast angles greater than about 60 degrees at which point the
predictions begin to be less accurate and over predict the
required angle by 2 to 3 degrees.

6. Propulsive efficiencies were measured in excess of 90 per-
cent and were generally slightly higher than predicted by theory.

7. The test results confirmed that typical cruise efficiency of

approximately 75 percent are possible with a proprotor as pre-
dicted in the Task I Design Study.
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C. DYNAMIC STABILITY

1. All proprotor/pylon/wing modes exhibited good stability
through a simulated speed of 408 knots.

2. The critical mode, the fundamental wing bending wode,
exhibited increased damping with airspeed (at constant prop-
rotor rpm).

3. There was close agreement between the 200-knot simulated
speed and the 200-knot actual speed.

4. The full-scale test results were in excellent agreement
with theory and one-fifth-scale aeroelastic model tests.

b, BLADE FLAPPING

1. Blade flapping produced no restrictions or. the operation of
the proprotor.

2. A simulated 3.0g maneuver at 265 knots produced less than 7
degrees of flapping as compared with the 12-degree design allow-
able.

3. Measured flapping derivatives agree with theory.
4. Evaluation of an electronic flapping controller showed steady
flapping reduction of 100 percent with reductions of transient

flapping of 40 to 40 percent.

5. The flapping controller increased the wing's response to
simulated gusts

6. Increasing the response rate of the flapping controller to
reduce transient flapping reduced the dynamic stability of the
proprotor/pylon/wing system,

7. The effect of the flapping controller on flapping and dynamic
stability agreed with theory.

E. BLADE AND CONTROL SYSTEM LOADS

1. Measured bladz and control system loads were accentable in
all flight modes.

2. Oscillatory loads were less than the calculated fatigue
endurance limit in helicopter and conversion modes even though
little time is spent in those modes and complete conversion can
be made in 11 scconds. Oscillatory loads were verw low in air-
plane mode.

3. Oscillatory tlade loads were in good agreement with predic-

tions in helicopter mode but were in poor agreement with original
predictions at intermediate conversion angles.
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4. The original predictions were found to have errors in the
input data (relating to swashplate phasing and hub spring
moments). When these errors were corrected, the theory pre-
dicted oscillatory loads slightly higher than those measured.

S. The test results and theory show that the flapping restraint
produced by the hub spring increases the oscillatory blade loads.
Only a moderate level of flapping restraint, such as that incor-
porated in the system tested, appear practical.

F. NOISE AND VIBRATION

1. Measured proprotor noise in helicopter mode was comparable to
noise measured from isolated helicopter main rotors in the tunnel.
It can therefore be concluded that the noise frow a proprotor air-
craft will be lower than that from a helicopter operating at

equal tip speed and gross weight, because of the absence of a

tail rotor or the overlap effects of a tandem rotor helicopter.

2. 1In airplane flight, noise levels will be extremely low.
Proprotor roise levels in propeller operation were ' bYo low to be
distinguished from background tunnel noise.

3. During the powered test the test stand tnree-per-rev
vibration level decreased rapidly as the stand was converted
from helicopter to airplane mast angle of attack, reflecting the
reduction in oscillatory airloading.

4. 1In airplane mode the blade passage frequency vibration is
dominant. Aerodynamic interference between the wing and prop-
rotor is the source of vibration in airplane mode.

5. Crew station and cabin vibration levels in airplane mode will
be very low, provided that wing and pylon natural frequencies are
not in resonance with the blade passage frequency.

6. Start-stops simulating this operation for a stop-fold prop-

rotor were performed without difficulty at simulated speeds up
to 265 knots.
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NOMENCLATURE
Computer

Symbol Output Description

AF Rotor activity factor = 218 (based on a
constant blade chord of 14 inches).

aj.. FLAP Fore ard aft flapoing angle with respect to

S the shaft (deg) (see Figure A-1).

BlS CYCLIC Fore ané¢ aft cyclic angle with respect to the
shaftr (deg' isee Figure A-1).

Cc o Speed of sound (fps).

cL CL Lift coefficient = L/(16pnZR*).

CLH CLH Helicopter lift coefficient = Lf@n:ﬁzRu).

CP CPB Airplane power coefficient based ou the mast
torque power data = 550 (Hp)/(32pn3R5). This
value used in the text and figures.

Cpg CPF Propulsive force coefficient = PF/16pn2RY4.

CPH CPBH Helicopter power coefficient based on the mast
torque power data = 550 (Hp)/[pﬂR2U1R)3].

CPHSOL Helicopter power coefficient/rotor solidity
ratio = CpH/a.

Cr, CP1 Airplane power cocefficient based on the

; wind-tunnel balance power data
= 550 (Hp,)/(32pn3R3).
cpy CP1lH Helicopter power coefficient based on the
H wind-tunnel balance power data
= 550 (Hpy)/[p=RZ(QR)3].

Cp, Cp2 Airplane power coefficient based on the
test-stand cell power data
= 550 (Hp,)/(32pn3R3).

sz CP2H Helicopter power coefficient based on

H the test-stand load cell power data
= 550 (Hp,)/[p#R2(QR)3].
Cr CT Airplane thrust coefficient = T/16pnZRY.
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Computer
Symbol Qutput
CTHSOL
D D
DSIG
f F
M
H H
HSIG
Hp HPB
HPBSIG
Hp, HPLl
HP1SIG
Hp, HP2
HP2S1G
J J
J! JP
J" JPP

300-099-004
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Description

Helicopter thrust coefficient ‘rotor solidity
ratio = Cry/o-

Drag (1b).

Drag referred to sea level standard
conditiens = D/g' (1b),

oy

L2y
i -

~—~

Flat plate drag area = PF/g
Figure of merit = 0.707 CTH3/27CPH
= 0.798 ¢cp3/2/cp.

Rotor "H'" force, perpendicular to the shaft
axis (1b).

Rotor "H" force referred to sea level
standard conditions = H/g¢' (1lb).

Horsepower based on the mast tcrque. This
value used in the text and figures.

Horsepower based on the mast torgue referred
to sea level standard conditions = Hp/o'.

Horsepower based on the wind-tunnel balance
data.

Hcersepower based on the wind-tunnel balance
data referred to sea level standard
conditions = Hp,/o'.

Horsepower based on the test stand load
cell data.

Horsepower based on the test stand ioad
cell data referred to sea level! standard
conditions = Hp,/o' .

Airplane auvance ratio = V/2nR.

Airplane advance ratio corrected for shaft
angle of attack = (V/2nR} cos (ayygr) -

Airplane advance ratio corrected for tip
path plane angle = (V/2nR) cos (appp).



@ BELL HELICOPTER comPany

Computer
Symbol Output Description
L L Lift (1b).
LSIG Lift referred to sea-level standard
conditions = L/g' (1b).
MaT MAT Advancing tip Mach number
= (1/0) VV2 + (QR)Z + 2VOR cos (appp)
n RPS Rotor rps.
PF FF Propulsive force = -D (1lb).
PFSIG Propulsive force refer-ed to sea level
standard conditions = ®F/o' (1lb).
PT Data point number.
q Q Dynamic pressure (psf).
2B QB Mast torque {(ft-1b).
R Rotor radius (ft).
RF RF Resultant force = /L2 + (PF)2 (1b).
RFSIG Resvltant force referied to sea level
standard conditicns = RF /o' (lb).
RPM Rotor rpm.
RUN Run number.
T T Thrust along the shaft axis (lb).
TSIG Thrust along the shaft axis referred to sea
level standard conditions = T/g' (lb).
v Velocity (fps).
vT V(KTS) Tunnel speed (knots).
pa ST ALN Mast angle of attack ‘deg).
arpp ALTPP Tip path plane angle of attack
= *MAST © 215 - 90 (deg).
B Proprotor blade ilapping angle, measured

between the blade-span axis and the mast
axis. Positive for blade flapping up.
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Computer
Symbol Output
AP
n ET/B
M ETAl
M9 ETA2
Or THERF
Or1p COLLECT
H MU
I MUP
QR T.SPEED
P RHO
o
o! SIGMA-P
Q

300-099-004

Description

Change in spinner base pressure rclative
to free stream static pressure.

Propulsive efficiency based on the mast torque
power data = (TV) cos (apyper)/(550 Hp