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R
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NOMENCLATURE
coefficients in the representation of rotor blade cyclic pitch,
-Al cos(y + 10°) - Bl sin(y + 10°), deg

coefficients of cos ¥ and sin y in Fourier expansion of measurement
signal, respectively

rotor 1ift coefficient, positive vertical, rotor 1ift/pS(QR)?

rotor rolling moment coefficient, positive advancing side of rotor
disk down, rotor rolling moment/pS(QR) %R

rotor pitching moment coefficient, positive leading side of rotor disk
up, rotor pitching moment/pS(QR)*R

rotor yawing moment coefficient, positive opposing direction of rota-
tion, rotor yawing moment/pS(QR)?R

rotor power coefficient, rotor power/pS(QR)3
non-ideal rotor power coefficient, CPO/S = CP/S - CQ/S + CQO/S
rotor torque coefficient, rotor torque/pﬂR3(§2R)2

non-ideal rotor torque coefficient, CQO/S = (1//5)(CLR/S)a/Z(S/TrRZ)l/2

rotor thrust coefficient, positive vertical thrust

rotor propulsive force coefficient, positive toward leading side of
rotor disk, —drag/pS(QR)2

rotor side force coefficient, positive toward advancing side of rotor
disk, rotor side force/pS(OR)?

speed of sound, m/sec

constant blade chord, m

total number of blades

rotor blade tip speed, m/sec
rotor radius, m

air density, kg/m®

rotor rotational speed, rev/min

- 2
reference area, S = NcR, m

damping decay coefficient, sec™?




T 1/2 time to half amplitude, sec
THETA, 6 collective pitching setting at 0.7R, deg
TIPM rotor rotational Mach number, QR/c

VKNOTS,V free-stream velocity, knots

ZETA,¢ fixed system percent critical damping coefficient
o decay coefficient, sec_l; rotor solidity, S/TrR2
Y rotor blade azimuth angle measured from fuselage tail centerline in

direction of rotation, deg

Q rotor rotational speed, rad/sec
wC fundamental rotating inplane bending frequency, rad/sec
W support motion frequency, Hz

vi




SUMMARY

A hover test of a full-scale, hingeless rotor system was conducted in the NASA
Ames 40- by 80-Foot Wind Tunnel. The rotor was tested on the Ames Rotor Test
Apparatus (RTA). Rotor aeroelastic stability, performance, and loads at various
rotational speeds and thrust coefficients were investigated. The primary objective
was to determine the inplane stability characteristics of the rotor system. Rotor
inplane damping data were obtained for operation between 350 and 425 rpm (design
speed), and for thrust coefficients (CT/O) between 0.0 and 0.12. The rotor was
stable for all conditions tested. At constant rotor rotational speed, a minimum
inplane damping level was obtained at approximately Cp/o = 0.02. At constant rotor
lift, a minimum in rotor inplane damping was measured at 400 rpm.

INTRODUCTION

A full-scale BO-105 helicopter rotor system was tested in hover in the NASA
Ames 40- by 80-Foot Wind Tunnel (fig. 1) to measure rotor aeroelastic stability,
performance, and loads at various rotational speeds and thrust coefficients. This
report presents the rotor aeroelastic stability, performance, and loads data, and
the resultant vibration levels in the rotor test apparatus obtained from that test.
The rotor hardware and test procedures are described. Rotor performance data are
given in appendix A. Aeroelastic stability results are discussed, and the data
are presented in appendix B. Rotor loads data for hover flight test conditions are
tabulated in appendix C. The resultant vibration levels in the rotor test apparatus
are presented in appendix D.

TEST HARDWARE

The B0O-105 helicopter rotor system is a four-bladed, soft inplane (w, < Q)
rotor with constant chord (0.27 m), -8° linear twist, and a NACA 23012 airfoil. The
rotor radius is 4.91 m. The rotor hub has 2.5° of built-in coning and zero droop
or sweep of the blade outboard of the pitch bearing (fig. 2). Additional data on
the rotor system are listed in table 1, and in references 1 and 2. Calculated
rotating coupled bending and uncoupled torsion frequencies at the design tip speed
218 m/sec (425 rpm) are presented in table 2 (ref. 2).

The rotor was installed on the Ames RTA for the test. This apparatus is a
special purpose drive-and-support system for operating helicopter rotors in the
40- by 80-Foot Wind Tunnel. It houses two electric drive motors, the hydraulic
servo actuators of the primary control system, and a dynamic control system which is
capable of introducing dynamic perturbations to the nonrotating swashplate (collec~-
tive and tilt), at frequencies up to 30 Hz. This system was used during testing to
excite the rotor at its fundamental inplane-bending frequency for stability




measurements. The support system dynamic characteristics determined in a shake test
performed immediately prior to this test are presented in table 3.

The rotor hardware, upper rotor controls, and the rotor test apparatus were
instrumented to measure blade, pitch link, nonrotating swashplate, rotor shaft,
and module moments, forces and vibrations. A complete list of rotor/module instru-
mentation is given in tables 4 and 5. Blade pitch was measured indirectly by mea-
suring the positions of the three nonrotating control actuators. The positions of
the three actuators gave a measure of swashplate tilt and, consequently, blade
pitch. These measurements were made statically (nonrotating) and calibrated through-
out the entire range of anticipated pitch control positions. The blade pitch set-
tings presented herein are referenced to radial station 0.7R.

TESTING PROCEDURES

All testing was performed in simulated hover conditions. Prior to beginning a
data acquisition run, the shaft tilt was set to -10°. Test conditions were estab-
lished by setting rotor rotational speed and rotor thrust (Cp/o). All testing was
done at a shaft tilt of -10° with the wind tunnel access doors and exhaust louvers
open. This was done in an attempt to reduce air flow recirculation and ground effect
within the test section as the vane set in front of the drive section was in the
closed position. Cyclic pitch was used to null any once-~per-revolution flapping as
. measured using a resolved flapwise bending moment signal from the instrumented blade
at 0.10R station. Longitudinal and lateral cyclic pitch inputs on the order of
+0.2° were required to null this once-per-revolution flapping. When the desired
rotor rotational speed and thrust coefficient were reached, a data point was then
taken for performance and steady-state dynamic data.

After obtaining performance and loads data, aerocelastic stability data were
taken. The dynamic control system was used to oscillate the rotor cyclic pitch at
the rotor regressing inplane bending frequency (© - wz). A chordwise bending moment
signal was monitored and the amplitude of the oscillation of the swashplate was
increased until either an adequate signal at the forcing frequency was obtained in
the blade chordwise bending moment, or until a load limit was reached at any of the
instrumented blade stations., Abrupt termination of the excitation yielded the
transient decay of the blade edgewise bending moment signal which was recorded and
analyzed using the moving block technique. Several stability records were obtained
at each operating condition. Details of the transient decay analysis technique are
presented below.

PERFORMANCE DATA

Performance data and rotor control positions are presented in table format in
appendix A. The data are presented with test points grouped for conditions with the
same rotor rotational speed and are ordered in terms of increasing 1ift coefficient
(CLR/S). All testing was done at a shaft angle of -10° with the wind tunnel access
doors open. Although all testing was done in this manner, a slight buildup of tunnel
air velocity occurred within the test section as a data run progressed. This
buildup yielded a dynamic pressure indication in the tunnel's instrumentation and
data system which resulted in nonzero VKNOTS for some data points.




AEROELASTIC STABILITY DATA

The primary objective of the test was to investigate the rotor's aeroelastic
inplane stability characteristics. Stability data are presented in appendix B as
time-to-half amplitude, T 1/2 (sec), real part of measured damping exponent, SIGMA
(sec™), and fixed system damping coefficient, ZETA. The data presented are grouped
for conditions with the same rotational speed and are ordered in terms of increasing
lift coefficient (CLR/S). (Note that appendix B does include stability data
(run 3, 350 rpm) that does not have corresponding performance, rotor loads or rotor
test apparatus vibration data elsewhere in the report.) Values for the rotor thrust
coefficient (CT/S) and the rotor control positions (Al and Bl) for this particular
run are included in appendix B. Repeated run-point numbers imply multiple stability
evaluations for the same trim operating condition. The damping coefficient ZETA
was calculated using the experimentally determined wc.

System stability determination was performed using a transient decay time
history from an edgewise bending moment signal (station 0.10R). An 8-sec
portion of the decaying analog signal was recorded for analysis. Using an appro-
priately selected 5-sec portion of the time history, the transient signal was
analyzed using the moving block technique (ref. 3) at the fundamental edgewise bend-
ing frequency. For a typical analysis record, the fundamental mode was around
4.6 Hz. The moving block technique assumes the decaying transient is a lightly
damped, single-degree-of-freedom, sinusoidal signal. A discrete Fourier transform
of the recorded signal is calculated using only a portion (or block) of the sample
record. In this investigation, a block size of one quarter (or 1.25 sec) was used
exclusively. The natural logarithm of the magnitude of the Fourier coefficient at
the analysis frequency is then plotted versus time; the time is given by the loca-
tion in the original record where the analyzed block of data begins. Consequently,
a 5-sec record length using a 1.25-sec block size yields a 3.75-sec logarithm
plot. Fitting a straight line through these data yields a slope proportional to
the decay coefficient, SIGMA (sec” '), of the equivalent single-degree-of-freedom
system.

Stability data for 350, 375, 400, and 425 rpm are shown in figures 3-6. Each
plotted point represents a unique data record. An effort was made to evaluate the
repeatability of the stability determinations. (At most test conditions, at least
four stability determinations were made.) The repeatability of the damping determi-
nations at low-thrust conditions was found to be very good. At the higher thrust
conditions, the repeatability of the damping values was poor. Fortunately, when
the system is heavily damped the stability determination is not critical. In gen-
eral, the scatter in the experimentally determined decay coefficients is small at
low values of rotor thrust and increases as rotor thrust increases. The experimental
data have been curve-fit with a second-order, least-squares, polynomial regression
curve for each rpm.

Stability data for 350 rpm are shown in figure 3. From the least-squares,
curve-fit of the experimental data, a minimum damping level is obtained at a Cp/o
value of about 0.012. A Cp/o value of 0.012 corresponds to a decay coefficient
of -0.47 (sec™t).

Stability data for 375 rpm are shown in figure 4. At this rotational speed, a
minimum damping level was obtained at a CT/O value of about 0.016. The decay
coefficient at this Cgp/c value is -0.47 (sec™'). There was little scatter in the




experimentally determined decay coefficients over the entire thrust range tested at
this rotational speed. '

Stability data for 400 rpm are shown in figure 5. From the curve-fit of the
data, a minimum damping level occurs at a Cp/o wvalue of about 0.019 which corre-
sponds to decay coefficient of ~0.46 (sec”™®). The minimum in damping for all rpms
and thrust settings tested occurred at this condition (400 rpm and a Cp/o value
about 0.019).

Stability data for 425 rpm (design rotational speed) are shown in figure 6.
As with the other rotational speeds tested, the experimental data show an increase in
damping with increasing rotor thrust. At high thrust values, data scatter is
increased. The minimum damping value for 425 rpm was found to be at a CT/G value
of about 0.024. A Cgp/o value of 0.024 corresponds to a value of SIGMA (decay
coefficient) equal to -0.54 (sec™1).

The overall trend is the same for each rotor rotational speed tested. Damping
was found to increase as rotor thrust was increased above about Cp/o = 0,02
(constant rpm). Damping increased as rotational speed was increased at constant
thrust conditions from 350 to 400 rpm. Damping trends with constant rotor thrust
and changing rotor speed are summarized in figure 7. The experimental data have
been curve-fit with a second-order, least-squares, polynomial regression curve
for 350, 375, 400, and 425 rpm as shown in figures 3-6. Constant rotor thrust con-
tours (Cp/o = 0.0, 0.02, 0.04, 0.06, 0.08) are drawn. At constant rotor thrust,
damping reduces to a minimum at 400 rpm. At this operating condition, the measured
inplane regressing mode frequency (f - w,) was determined to be in resonance with
the longitudinal balance mode at 2,24 Hz (fig. 8). Consequently, a ground
resonance condition exists at this rotor rotational speed. Yet, due to the large
fixed system inertia of the test apparatus and the balance system, the rotor system
inplane damping is sufficient to maintain a stable operating condition. As rotor
speed is increased from 400 to 425 rpm, the damping increases for all rotor thrust
levels. From figure 7, the increase in damping at CT/c of 0.0 relative to a
Ct/o of 0,02 is clearly seen for each rotor rotational speed.

ROTOR LOADS DATA

Steady-state dynamic rotor loads data were obtained at each test condition. The
measurements and their positive sign conventions are given in table 4. The data are
presented in table format in appendix C with test points grouped for conditions with
the same rotor rpm and are ordered in terms of increasing lift coefficient (CLR/S).
The same run-point sequence as in appendix A is used. For each of the measurements,
the time-~average mean and root-mean-square values are presented. Data were acquired
over a period of approximately 1 sec (eight rotor revolution cycles). The exis-
tence of time-dependent rotor loads in a hovering rotor condition may be due to
several sources: rotor disk inflow asymmetry, the presence of the fuselage body
beneath the rotor disk in the wake, test section rotor wake recirculation, and the
presence of some slight air flow through the test section.

.



ROTOR TEST APPARATUS VIBRATION DATA

The fourth harmonic magnitude and phase angle data from accelerometers mounted
on the rotor test apparatus are presented in table format in appendix D for all
conditions tested. The accelerometers used are listed in table 5. Their locations
on the test apparatus are shown in figure 9. The same run-point sequence as in
appendix A is used.

CONCLUDING REMARKS

A full-scale hingeless rotor system was tested in hover in the NASA Ames 40-
by 80-~Foot Wind Tunnel. Rotor aeroelastic stability, performance, and loads data
were investigated. Rotor rotational speed and thrust were varied. Rotor inplane
performance, blade loads and vibration levels in the test apparatus are presented
for all operating conditions tested. Aeroelastic stability characteristics of the
rotor blade's fundamental inplane bending mode were investigated in hover using
the moving-block technique. The rotor was stable at all conditions tested. At con-
stant rotor rotational speed, a minimum inplane damping level was obtained as
thrust was reduced (at approximately Cg/o = 0.02). At constant rotor lift, a min-
imum in rotor inplane damping was measured at 400 rpm.




APPENDIX A

The following tables present hover performance and control positions data for
the BO-105 rotor system. The run/point number sequence used is based on rotor rpm
and rotor lift coefficient (CLR/S). The run/point numbers are ordered in terms of
increasing rotor lift coefficient at ‘each rotor rpm tested.

Al,Bl

CLR/S

CMX/S
CMY/S
CMZ/S

Cp/s
CPO/S
cQ/s

CQo/s
CXR/S
CYR/S

OMEGA*R, QR
RHO

rpm
THETA, 6
TIPM

VKNOTS, V

NOMENCLATURE
coefficients in the representation of rotor blade cyclic pitch,
-Al cos(y + 10°) - Bl sin(y + 10°), deg '
rotor lift coefficient, pdsitive vertical, rotor 1ift/pS(QR)?

rotor rolling moment coefficient, positive advancing side of rotor disk '
down, rotor rolling moment /pS (QR) 2R :

rotor pitching moment coefficient, positive leading side of rotor disk
up, rotor pitching moment/pS(QR)*R

rotor yawing moment coefficient, positive.opposing direction of rotation,
rotor yawing moment/pS(QR) R .

rotor power coefficient, rotor power/pS(QR)3

non-ideal rotor power coefficient, CPO/S = CP/S - CQ/S + CQO/S

rotor torque coefficient, rotor torque/prR3(QR)?

non-ideal rotor torque coefficient, CQO/S = (1/“55(CLR/S)3/2(S/WR2)1/2

rotor propulsive force coefficient, positive toward leading side of
rotor disk, -drag/pS(QR)2

rotor side force coefficient, positive toward advancing side of rotor
disk, rotor side force/pS(QR)?

rotor blade tip speed, m/sec

air density, kg/m®

rotor rotational speed, rev/min

collective pitch setting at 0.7R, deg
rotor rotational Mach number, QR/c

free stream velocity, knots
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APPENDIX B

The following tables present BO-105 rotor stability data. The stability data
are presented as time-to-half amplitude, T 1/2 (sec), real part of measured damping
exponent, SIGMA (sec™), and fixed system damping coefficient, ZETA. The damping
coefficient was calculated using the experimentally determined wg.

Data are presented in the same run/point number sequence as appendix A. At

some run/poinf numbers, only performance data were obtained. At others, one or
more stability determinations were made.

NOMENCLATURE

Al,Bl coefficients in the representation of rotor blade cyclic pitch,
-Al cos(y + 10°) -~ Bl sin(y + 10°), deg

CT/S rotor thrust coefficient, positive vertical, thrust
rpm rotor rotational speed, rev/min

SIGMA damping decay coefficient, sec”?!

T 1/2 time to half amplitude, sec

ZETA, ¢ fixed system percent critical damping coefficient

w fundamental rotating inplane bending frequency, Hz
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APPENDIX C

The following tables present BO-105 rotor loads data. The data are presented
in the same run/point number sequence as appendices A and B. The channel designa-
tions are as follows:

Blade Channel Positive sign

number Measurement designation convention
1 Chord bend STA = 0,10R A Leading edge in tension
3 Chord bend STA = 0.10R B Leading edge in tension
1 Flap bend STA = 0.10R C Flapping up
1 Flap bend STA = 0.28R D Flapping up
1 Chord bend STA = 0.57R E Leading edge in tension
1 Flap bend STA = 0.57R F Flapping up
1 Flap bend STA = 0.80R G Flapping up
1 Torsion STA = 0.34R H Leading edge up
1 Pitch link I Tension
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APPENDIX D

The fourth harmonic magnitude and phase angle data from accelerometers mounted
on the rotor test apparatus are presented in the following tables. The accelerometer
locations on the test apparatus are shown in figure 9. The data are presented in the
same run/point sequence as in appendices A, B, and C. The channel designations are
as follows:

Channel

Location on RTA designation Direction .
Nose 1 Vertical
Transmission 2 Longitudinal
Tail 3 Longitudinal
Right side 4 Longitudinal
Tail 5 Lateral

Left side 6 Lateral
Right side 7 Lateral

29
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TABLE 1.- DESCRIPTION OF BO-105 ROTOR

Item Specification
Type Hingeless
Rotor radius (m) 4.91
Number of blades 4
Blade chord (m) 0.27
Linear blade twist (deg) -8.0
Solidity, o 0.07
Reference area, S(mz) 5.30
Airfoil section NACA 23012
Hub height above floor (m) 6.89
Shaft angle of attack (deg) -10.0

TABLE 2.- CALCULATED ROTATING BLADE
FREQUENCIES (per rev) AT 425 rpm

First mode | Second mode | Third mode
Flapwise 1.12 2.76 5.06
Edgewise 0.70 4.30 -
Torsion 3.19 - -

TABLE 3.~ SUPPORT SYSTEM DYNAMIC
CHARACTERISTICS FOR BO-105 HOVER TEST

birection of | yqe |y, Hz | C_, N-S/M
excitation g
Longitudinal Balance 2.24 119,600
Strut 4.17 49,160
Lateral Balance 2.71 51,900
Strut 4,64 35,940
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TABLE 4.- ROTOR INSTRUMENTATION

Blade No. | Station Units Positive sign

convention
Blade
Chord bending 1 0.10R  N-m | Leading edge
3 0.10R  N-m in tension
1 0.57R  N-m
Flap bending 1 0.10R  N-m Flapping up
1 0.28R N-m
1 0.57R  N-m
1 0.80R N-m
Torsion 1 0.34R  N-m | Leading edge up
Pitch link 1 - N Tension

Rotor shaft N-~m | Direction of
torque rotation

TABLE 5.- ROTOR TEST APPARATUS ACCELEROMETERS

Location in RTA | Channel Direction | Units
Nose 1 Vertical g's
Transmission 2 Longitudinal g's
Tail 3 Longitudinal | g's
Right side 4 Longitudinal | g's
Tail 5 Lateral g's
Left side 6 Lateral g's
Right side 7 Lateral g's
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Figure 1.- BO-105 rotor system on Ames rotor test apparatus in 40- by 80-Foot
Wind Tunnel Test Section
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Figure 2.- B0-105 hingeless rotor hub.
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Figure 4.- Decay coefficient, ¢ (sec™) vs CT/G, 375 rpm.
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Figure 5.- Decay coefficient, o (sec™!) vs CT/O, 400 rpm.
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