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Abstract

Three cases were selected for correlation from
an experiment that examined the aeroelastic stabil-
ity of a small-scale bearingless model rotor in
hover. The 1.8-m diameter model rotor included
flap, lead-lag, and torsional degrees of freedom,
but no body degrees of freedom. The first case
looked at a configuration with a single pitch link
on the leading edge, the second case examined a
configuration with a single pitch link on the
trailing edge, and the third case examined a con-
figuration with pitch links on the leading and
trailing edges to simulate a pitch link with shear
restraint. Analyses from Bell Helicopter Textron,
Boeing Vertol, Hughes Helicopters, Sikorsky Air-
craft, and the U.S. Army Aeromechanics Laboratory
were compared with the data, and the correlation
ranged from poor to fair.

Introduction

As a part of the Methodology Assessment, three
cases were selected from the experiments reported
in Ref. 1 for comparison with theoretical models.
Each of the selected cases used the same blades and
flexbeams; the only differences between the cases
was in the pitch link configuration. Case 1 used a
single pitch link on the leading edge, Case 2 used
a pitch link on the trailing edge, and Case 3 had
pitch links on both leading and trailing edges to
simulate a pitch link with shear restraint. As the
control configuration was the only variable between
the three cases, it is possible to assess the capa-
bilities of the analytical models to represent the
effects of control configuration on stability,
effects that are particularly important for bear-
ingless rotor designs.

The theoretical models compared with some or
all of the data included the Bell Helicopter Tex-
tron DRAV21 analysis; Boeing Vertol C-90 analysis;
the Hughes Helicopters DART model; the G400 analy-
sis and two versions of E927 used by Sikorsky
Aircraft; and the U.S. Army Aeromechanics Labora-
tory FLAIR analysis.

The paper will briefly describe the experiment
from which these data were obtained and then pre-
sent the correlation. Conclusions will be made as
to the quality of the agreement between theory and
experiment. Appendices are previded that document
the experimental model properties, tabulate the
experimental data points, and show all of the
correlations.

Seth Dawson
U.S. Army Aeroflightdynamics Directorate
Ames Research Center
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Description of Experiment

A two-bladed bearingless model rotor with a
diameter of 1.8 m (5.88 ft) was tested in hover to
obtain the experimental data. The experiment has
been previously reported in Ref. 1. The model,
which is shown in Fig. 1, was designed to match as
closely as possible characteristics of the U.S.
Army Aeromechanics Laboratory FLAIR program. The
blades are attached to the hub using a Kevlar 49
flexbeam of rectangular cross-section that extends
from an 8.7% to 19.9% radius. The exploded view of
Fig. 2 shows the configuration with pitch links cn
the leading and trailing edge (Case 3); however,
either pitch link may be removed to give a single
pitch-link configuration. The pitch links are
designed to minimize nonlinear structural damping
by using flexural elements on either end instead of
rod end bearings. Flexbeam precone and pitch angle

Fig. 1 Two-bladed bearingless model rotor.
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Fig. 2 Exploded view of bearingless model rotor
flexbeam and hub.




with respect to the hub may be independently varied
with the precone adaptor and flexbeam root

socket. Blade prepitch and precone changes with
respect to the flexbeam may be made independently
with the blade root fittings and a shim. Pitch
angle changes are made by raising or lowering the
pitch links with respect to the dummy swashplate.
This transmits a moment along the torque tube to
the outboard end of the flexbeam, twisting the
flexbeam, and introduces some flap-lag elastic
coupling along with the pitch angle change. The
model flexbeams on both blades are instrumented
with strain-gage bridges to measure flap, lead-lag,
and torsional strain. Rotor properties are given

in Table 1.
Table 1 Rotor Properties
Property Value
Radius, R, in. 35.51
Blade chord, ¢, in. 1.65
Solidity, ¢ 0.02957
Flexbeam length, in. 4.0
Flexbeam width, in. 0.32
Flexbeam thickness, in. 0.142
Flexbeam tip distance 7.014

from center, in.

The rotor test stand consists of a frame that
contains the driveshaft, drive sheave, and slip
ring, and a lower support structure that houses the
drive motor and powers the rotor through a
V-belt. The upper frame is connected to the lower
support structure with two flexures. A 50-1b elec-
tromagnetic shaker is used to excite the upper
frame and hub at the blade lead-lag natural fre-
quency. Two pneumatic clamps lock the upper frame
following excitation of the lead-lag motion of the
blades.

For each test condition the blade pitch angle
was set manually by raising or lowering the pitch
links. The resulting pitch angle was measured with
the blade supported so that the flap bending moment
on the flexbeam was zero. The rotor was then
brought up to the test condition rotor speed.
Transient blade lead-lag motion was induced by
unlocking the pneumatic clamps to free the upper
stand, oscillating the rotor hub at the fixed-
system, lead-lag natural frequency (w_+ Q) with
the shaker, and once sufficient lead-lag motion was
obtained, the excitation was stopped and the upper
stand clamped. Frequency and damping were deter-
mined from the transient decay of the rotor differ-
ential lead-lag mode using the moving-block analy-
sis. The blade data were recorded digitally and on
analog tape. A complete discussion of the model
properties is provided in Appendix A. The measured
modal damping used for the correlation is tabulated
in Appendix B.
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Correlation

Three cases were selected from the experiment
for correlation. The only difference between the
cases was the location of the pitch links as shouwn
in Fig. 3. For Case 1, a single pitch link was
located on the leading edge at 10% of the flexbeam
span. For Case 2, a single pitch link was located
at the trailing edge and the same radial loca-
tion. For Case 3, pitch links were used on the
leading and trailing edges of the blade to simulate
a single pitech link and vertical shear restraint.
For all three configurations, the blade and flex-
beam precone and pretwist angles were set to zero.

FLEXBEAM

TORQUE TUBE

bl -E-
Q===

Fig. 3 Bearingless model rotor control configura-

tion. a) Case 1--single pitch link on the leading
edge. b) Case 2--single pitch line on the trailing
edge. c) Case 3--pitch links on leading and

trailing edges.

Two of the companies involved in the correla-
tion effort uncovered problems with the experimen-
tal model properties documentation in setting up
their analytical models. A comparison of calcu-
lated and measured nonrotating frequencies for a
check case where no pitch links were mounted to the
blade showed a significant underprediction of the
flap and lead-lag frequencies (Table 2). It can be
seen that Bell Helicopter Textron adjusted the
flexbeam EI values to provide a better match of the
nonrotating frequencies. However, Sikorsky changed
their method of representing the flexbeam end con-
ditions. Boeing Vertol made no change to the flex-
beam properties. Hughes Helicopters did not pro-
vide nonrotating frequency calculations, and it is
not known if they made any adjustments. The U.S.
Army Aeromechanics Laboratory took an alternate
approach in setting up the FLAIR analysis by defin-
ing the flexbeam properties for each case on the
basis of a match with nonrotating frequency mea-
surements. A comparison of nonrotating frequency
measurements and calculations used for the correla-
tion for the three cases is shown in Table 3.



Table 2 Nonrotating Modal Frequencies for a Configuration
without Pitch Links

wg s Hz wgos Hz Wr s Hz wg 1 Hz
Measurement 4.69 24.81 10.94 19.73
Bell Helicopter Textron? .68 25.86 11.01 21.18
Sikorsky Aircraft, unadjustedb 4.09 22.57 8.86 19.79
Sikorsky Aircraft, adjusted® 4.78 25.03 10.89 19.79
3Flap stiffness increased 38% and chord stiffness 87% to match
nonrotating frequencies.
Using original tabulated stiffnesses.
cAdjusting tabulated stiffnesses to correct for flexbeam end
effects.
Table 3 Comparison of Measured and Predicted Nonrotating
Frequencies
Case Wap Hz Waos Hz W Hz ST Hz
1 Measurement 4.84 -- 10.97 39.69
Bell Helicopter Textron 4,82 25.84 11.01 45.68
Boeing Vertol 4,38 - 8.66 --
Sikorsky Aircraft 4,93 -- 10.82 u7.4
FLAIR 4.89 -- 1.03 38.76
2 Measurement 4.88 24,81 10.95 40.56
Bell Helicopter Textron 4.83 25.84 11.01 45,73
Boeing Vertol 4.79 -- 8.99 56.34
Sikorsky Aircraft 4.93 -~ 10.92 47.4
FLAIR 4.86 -- 11.10 38.57
32 Measurement 6.05 24.81 10.80  173.0
Boeing Vertol u,22 - 8.25 --
Sikorsky Aircraft 6.76 26.6 10.75 193.8
FLAIR 6.02 -- 1.1 179.0
8Bell Helicopter Textron did not predict Case 3.

Case 1

The Case 1 configuration at 1100 rpm is repre-
sentative of a soft inplane rotor with a dimension-
less lead-lag frequency of 0.74. The single lead-
ing edge pitch link is located radially near the
root end of the flexbeam. This results in positive
pitch-flap coupling (negative &,) and therefore
the first flapping frequency is predicted to be
less than 1/rev. The torsional frequency is calcu-
lated to be 2.6/rev.

Six theoretical predictions are compared with
the experimental data in Fig. 4. The individual
codes are keyed to the caption and the data are
shown as a stippled area. Theory and data show the
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same behavior in general--a minimum in damping at
the low pitch angles with the damping increasing
with an increase in the absolute value of the pitch
angle. The differences between the theoretical
predictions and the data are largely seen in the
change of damping with blade pitch angle and the
location of the damping minimum. In this latter
respect, all of the codes except Sikorsky's E927-3
predict the minimum to occur between -2° and 0°
pitch, while the data show a mirror image behavior
with the minimum at about +2°.

The DRAV21 predictions (BH) show a damping
increase that is similar to the data, but the damp-
ing minimum occurs at about -2° instead of at +2°
and the predicted minimum damping is higher than
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Fig. 4 Composite comparison of theory and experi-
ment for Case 1 for lead-lag mode damping;

1100 rpm. Data are shown as stippled area; analy-
ses used =re DRAV21 (BH), C90 (BV), DART (HH1),
G400 (SA1), E927-3 (SA3), and FLAIR (AL).

the measurements. Overall the correlation is
Jjudged poor. The damping was also predicted using
a dynamic inflow model; the results are included in
Appendix C. There is perhaps a slight improvement
in the agreement, but this is not considered
significant.

The C-90 predictions (BV) show substantially
less of an increase in damping than the measure-
ments as pitch angle increases. The damping mini-
mum is quite broad and occurs at about 0° rather
than +2°. In general the correlation is considered
to be poor.

The DART predictions (HH1) show a reasonable
agreement in the damping increase for positive
pitch angles, but not at negative pitch angles.
The damping minimum appears to occur at about 0°
rather than +2° and the correlation is judged
poor. The pitch angle shown for the DART calcula-
tions is the equilibrium or trim pitch angle that
results after all steady loads have been applied.
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This is not directly comparable to the experimental
pitch angle measurements which were made statically
with the blade supported for zero flap deflection.

Sikorsky predicted the Case 1 lead-lag damping
with two analyses: G400 (SA,) and E927-3 (sA3).
In both cases NASTRAN was used to calculate the
mode shapes and frequencies. The G400 code shows
less of a damping increase with pitch angle than
the data and predicts the minimum to occur at about
0° rather than +2°. The E927-3 predictions show
relatively little variation with pitch angle; how-
ever, the damping minimum does appear to occur at
about +2°. Although the G400 predictions are con-
sidered slightly better than the E927-3 calcula-
tions, the correlation for both codes is considered
poor.

The Aeromechanics Laboratory FLAIR analysis
(AL) shows reasonable agreement in the increase of
damping with pitch angle, but as with the majority
of the other codes, it shows a shift in the minimum
damping to -1° or -2° rather than the measured
+2°. However, unlike the other codes, FLAIR shows
a fairly rapid increase in the damping at negative

piteh angles and for this reason its correlation is
considered poor-to-fair.

The disagreement between most of the predic-
tions and the data in the location of the damping
minimum for Case 1 is perplexing. The large varia-
tion in damping that is seen in this case allows
this minimum or damping bucket to be well-defined
both experimentally and theoretically. For a
purely symmetric rotor it might be expected that
the minimum should occur at 0°, but there are a
number of asymmetries for Case 1 including blade
weight, pitch-flap coupling, and the cambered 23012
airfoil that was used. For the 23012 airfoil, the
zero inflow condition occurs at -1.5° although
Hughes Helicopters has suggested that the damping
should be symmetric about zero inflow. However,
the minimum parasite drag angle occurs at a posi-
tive 1° to 2° for this airfoil and it is not clear
what effect this would have on the location of the
damping minimum.

Case 2

The damping as a function of blade pitch angle
for Case 2 is compared with the various theoretical
predictions in Fig. 5 for a rotor speed of
900 rpm. This corresponds to a measured lead-lag
frequency of 0.87/rev. The single pitch link is
located on the trailing edge, which results in
negative pitch-flap coupling; therefore, the pre-
dicted first flap frequency is well above 1/rev.
The torsional frequency is calculated to be 3.2/rev
(using FLAIR). The rate of change of damping with
pitech angle is much less than was seen for
Case 1. Lead-lag damping data were not obtained
for blade pitch angles of 0° and 2° because of a
blade flutter encountered at a rotor speed of
approximately 860 rpm.
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Fig. 5 Composite comparison of theory and experi-
ment for Case 2 for lead-lag mode damping;

900 rpm. Data are shown as stippled area; analyses
used are: DRAV21 (BH), C90 (BV), DART (HH,), GLOO
(S44), E927-3 (SA3), and FLAIR (AL).

The correlation in this case is improved over
Case 1 in general. The DRAV21 analysis (BH) shows
a similar damping level to the data but a different
slope, and is considered poor-to-fair. The Boeing
Vertol C-90 analysis (BV) shows better agreement
and is judged fair. The DART analysis (HH;) shows
approximately the correct level and a similar slope
and is considered fair-to-good. The DART predic-
tions were made at 1100 rpm rather than 900 rpm and
it is not known whether calculations made at the
correct rotor speed would show improved agree-
ment. The two Sikorsky analyses show a mixed
effect with GY400 (SA1) showing too much effect of
piteh angle and E927-3 (SA3) showing too little
variation. Both are rated poor-to-fair. The FLAIR
analysis (AL) shows the best agreement at negative
and low pitch angles, but does not show the damping
increase at the higher pitch angles so is consid-
ered fair.

As the basis of comparison for this case was
the prediction of lead-lag damping, the damping of
other rotor modes was not required. However, it is
interesting to note that the DART analysis showed
an unstable first torsion mode at pitch angles of
-4°,  0°, and +U4° which is suggestive of the flutter
seen on the model rotor at pitch angles of 0° and
+2°. It is not known if the flutter would have
been predicted if the correct rotor speed had been
used for the DART calculations. In retrospect, the
prediction of the experimental flutter should have
been included in comparing theory and experiment
for Case 2. If this had been the case, an accurate
prediction of the flutter condition would result in
an improved judgment of the DART analysis.
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Case 3

The lead-lag damping as a function of blade
angle for Case 3 is shown in Fig. 6. For this
1100-rpm condition, the measured lead-lag frequency
is 0.75/rev. The location of the pitch links on
the leading and trailing edges stiffens the tor-
sional degree of freedom as compared to Cases 1
and 2 and also avoids pitch-flap coupling. This
reflected in calculated values of the first flap
and torsion frequencies of 1.08/rev and 5.8/rev,
respectively (using FLAIR). The damping behavior
is similar to Case 2, but shows a larger variation
in damping as pitch angle is changed. Bell did not
provide calculations for this case as the Myklestad
program, which provides blade modes for the DRAV21
analysis, is not able to properly model the double-
pitch-link case.

is

The C-90 (BV) and DART (HH1) analyses show
very similar behavior for this case. The damping
is fairly well predicted for pitch angles near
zero, but neither method shows the measured damping
increase for pitch angles above 4° and both are
considered to be fair. The FLAIR (AL) analysis
behaves very much like the C-90 and DART predic-
tions, but is offset to a lower damping and is only
considered to be poor-to-fair.
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Fig. 6 Composite comparison of theory and experi-
ment for Case 3 for lead-lag mode damping;

1100 rpm. Data are shown by stippled area; analy-
ses used are C90 (BV), DART (HH,), G400 (S4a4),
E927-2 (S45), E927-3 (SA3), and FLAIR (AL).



Sikorsky predicted the damping in this case
with their G400 analysis and two versions of the
E927 code. The G400 (SA4) and E927-2 (SA;) predic-
tions show a behavior that is very similar to the
data, but are slightly offset. The agreement in
this case is judged to be fair. The E927-3 (SA3)
predictions show an excessive sensitivity to pitch
angle and are considered to be poor.

Conclusions

The predictions of six analysis programs were
compared with the data for three experimental data
sets obtained from an experiment designed to mea-
sure the lead-lag damping of an isolated bearing-
less rotor in hover. Overall, the correlation
varied from poor (E927-3) to fair (DART), and in
this sense the use of experimental data sets did
not act as a strong discriminant between the ana-
lytical methods. The fact that none of the predic-
tion methods was able to achieve fair-to-good
correlation leaves unresolved the problem of
whether the major modeling difficulties lie with
the theoretical or experimental efforts.
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Appendix A--Model Properties

The three cases examined in this paper are
from an experiment originally reported in Ref. 1.
A limited discussion of model properties was pro-
vided in that reference. The present appendix
provides a substantially more detailed discussion
of the model properties.

Geometric Properties

The major rotor descriptive properties are
given in Table 1. The dimensional data have been
obtained from design drawings. The same blade is
used as in the experiment discussed in Ref. 2 and
the appropriate analytic representation of the
aerodynamic section properties for this NACA 23012
airfoil is:
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C, = 0.15 + 5.73_
Cy = 0.0079 + 1.7a°
C = -0.012

m

where the angle of attack, a, is in radians.

Mass and Stiffness Properties

The design drawings of the hub, flexbeam, root
hardware, and blade were used to calculate mass,
stiffness, and pitching inertia outboard of blade
station (B.S.) 1.400 in. This blade station corre-
sponds to the outer edge of the cylindrical section
of the hub shown in Fig. 2. The calculated proper-
ties of the flexbeam and blade are given in
Table 4, and the calculated properties of the
torque tube and pitch hardware are shown in
Table 5. Torque tube properties are calculated
inboard of B.S. 7.014 in., which corresponds to the
flexbeam tip. The pitch arm is included, but not
the pitch links or their ball sockets. Blade prop-
erties outboard of B.S. 8.931 in. were obtained
from Ref. 3. The flexbeam and root hardware are
centered on the blade quarter chord and therefore
inboard of B.S. 7.994 in the center of mass and
elastic axis are coincident at 0.25c¢c. T..e blade
outboard of B.S. 7.944 in. was designed tc have the
center of mass and elastic axis coincident with
0.25¢c as well. No measurements have been made of
the blade elastic axis, but measurements of blade
center of mass outboard of B.S. 7.944 in. have
ranged from 0.256¢ to 0.266c with an average value
of 0.262c.

Measurements were made of the overall mass
properties of the blade and root hardware combina-
tion as shown in Table 6. The root hardware
included the pitch arm but not the pitch links and
a flexbeam was used that had been cut at the cen-
terline (B.S. 5.014 in.). The mass was measured
with a conventional laboratory scale and the span-
wise c.g. was determined by balancing the blade on
a knife edge. The moment of inertia was determined
by suspending the blade from its tip and measuring
its pendular frequency. These measurements were
made in both the flap and chord directions; the
variation was *5.0%. The average value of the
moment of inertia is shown in Table 6. Pendular
measurements were also used to determine the
blade/root hardware pitch inertia by suspending the
blade from a point slightly behind its trailing
edge. Calculations of the integrated rotor mass
properties based on Tables 4 and 5 are compared to
the measurements in Table 6. The agreement between
calculation and measurement is excellent for the
mass, but the calculated location of the blade
spanwise c.g. is outboard of the measured location
by a quarter of an inch (0.8% of blade radius).

The calculated moment of inertia is 2.3% above the
measured value, but as the measurements showed a
+5% variation, this difference is not considered



Table 4 Calculated Mass and Stiffness Properties of Flexbeam and

B

lade?

Blade  Weight, Elg, El,, GJ, Iy,
Station,
in. 1b_/in. 109 1b-in.2 10® 1b-in.2 10® 1p-in.2 lbm-in.z/in.
1.400  1.70 u4.9 27.3 20.7 0.704
1.653  0.813 37.2 25.7 17.5 0.534
1.826  0.738 uy.7 25.2 10.7 0.831
2.159  0.862 25.4 20.6 30.2 0.449
2.159  0.500 72.1 72.1 10.9 0.141
2.359  0.500 72.1 72.1 10.9 0.141
2.359  0.180 0.863 0.863 3.76 0.0169
3.014 0.180 0.863 0.863 3.76 0.0169
3.014  0.147 0.00084 0.00427 0.000066 0.0178
3.159  0.147 0.00084 0.00427 0.000066 0.0178
3.159  0.00227  0.00084 0.00427 0.000066 0.000278
7.01%  0.00227  0.00084 0.00427 0.000066 0.000278
7.0 0.268 3.02 3.02 2.31 0.120
7.309  0.350 5.24 5.24 4,04 0.209
7.644  0.350 5.24 5.4 4.04 0.209
7.6u4 0.413 8.87 8.87 6.29 0.324
7.944 0.413 8.87 8.87 6.29 0.324
7.944  0.222 1.77 3.66 2.18 0.0550
8.005  0.220 1.77 3.66 2.18 0.0550
8.005  0.220 1.77 3.66 2.18 0.0550
8.134  0.231 1.77 3.66 2.18 0.0550
8.13%  0.0529 0.124 0.124 0.0959 0.00247
8.599  0.0510 0.124 0.124 0.0959 0.00243
8.781  0.191 0.124 0.124 0.0959 0.0394
8.931  0.191 0.124 0.124 0.0959 0.0394
8.931  0.0243 0.0459 0.0459 0.0238 0.000728
8.990  0.0296 0.0538 0.0538 0.0288 0.000867
8.990  0.119 0.0538 0.0538 0.0288 0.0147
9.050  0.118 0.0991 0.0991 0.0616 0.0155
9.050  0.155 0.0991 0.0991 0.0616 0.0195
9.180  0.160 0.101 0.101 0.0596 0.0297
9.180  0.0447 0.101 0.101 0.0596 0.00172
9.285  0.0470 0.102 0.102 0.0568 0.00167
9.285  0.0332 0.0526 0.0526 0.0187 0.000684
9.445  0.00763  0.00228 0.0617 0.0012 0.000711
11.445  0.00758  0.00228 0.0617 0.0012 0.000869
35.445  0.00748  0.00228 0.0617 0.0012 0.000869

4poes not include torque tube, pitch arm, or pitch links.

Materials:
steel: [}
G
titanium: o
G
Kevlar: p
G

0.283 1b,/in.
11x10° 1b/in.
0.160 1lby/in.
6.2x10° 1b/in,

2

0.050 1b,/in.3

0.3x10” 1b/in.

E = 29x10® 1b/in.2,

S E= 16x10° 1b/in.2,

S B 11x10% 1b/in.2,
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Table 5 Calcu

lated Mass and Stiffness Properties of Torque Tube?

Blade Weight
Station,

in. 1b_/in.
m

, Elg, El,, GJ, Ig,

106 lb-in.2 106 lb-in.2 106 lb-in.2 lbm-in.z/in.

3.200  0.281 12.1 26.7 3.98 0.377
3.600 0.281 12.1 26.7 3.98 0.377
3.600  0.0578 1.75 1.75 0.746 0.0193
6.872  0.0578 1.75 1.75 0.746 0.0193
6.872  0.239 2.30 2.30 0.177 0.0456
7.014  0.239 2.30 2.30 0.177 0.0456
aMaterials:
steel: o = 0.283 16 /in.3, £ = 39x10% 1b/in.2,
G = 11x10% 1b/in.2
titanium: o = 0.160 1bm/in.3é E = 16x10% 1b/in.2,
G = 6.2x10° 1b/in,
aluminum: = 0.10] 1b /in,2, E = 10.5x10% 1b/in.2,
G = 4x10% 1b/in.2
Table 6 Hub and Blade Mass Properties
Quantity Measured? Calculated ErrorP
Mass, lbg 1.024 1.025 +0.1%
Centroid of mass, in.C 4,37 4. 64 +6.2%
Moment of inertia, lb.-in.2 ¢  74.03 75.70 +2.3%
Pitch inertia, b -in.2  0.393 0.486  +23.7%

8Blade and root hardware including pitch arm and flexbeam
outboard of B.S. 5.014 in.

b Calculated - Measured « 100%
Measured

CWith respect to flexbeam center, B.S. 5.014 in.

T4



significant. The calculated pitch inertia is 24%
above the measurement which is a significant dif-
ference. The cause of this difference is not
known,

Modal Frequency and Damping

Measurements were made of the rotor first-
flap, lead-lag, and torsion-mode frequencies for
each case. The measurements were made with the
blades mounted on the rotor hub and average values
are shown in Table 7 along with some limited mea-
surements of damping. There is no significant
effect of pitch link location between the leading
edge (Case 1) and the trailing edge (Case 2).
However, the addition of the second pitch link
increases the first flap frequency by 25% and the
torsion frequency is increased by a factor of four.

Additional nonrotating frequency measurements
were made for the Case 2 configuration with the
blade and root hardware cantilevered from the hub
and with two pitch link configurations: a single
pitch link on the trailing edge and both pitch
links removed. Modal frequencies for these cases
are shown in Table 8. For the case without a pitch
link, it is possible to calculate approximate
first-mode frequencies from beam theory:

Bl 172
w = for flap and chord
IS
and
1/2
w = %i— for torsion
I
p

where the EI and GJ values from Table 4 for the
flexbeam span are used to determine stiffness, I8
is the blade inertia about the flexbeam center,

and I is the blade pitch inertia as calculated
from Table 4. The calculated flap and chord fre-
quencies in Table 8 are 11.1% and 7.3% higher than
the measured values, respectively. This difference
is a result of blade flexibility which is not
accounted for in the frequency expressions used
here and is larger in flap (blade to flexbeam ratio
of EI is 2.7) than chord (ratio is 14.4) as
expected. The underprediction of the torsional
frequency is believed to be caused by inaccuracies
in the blade pitch inertia estimate. If the mea-
sured value of pitch inertia from Table 6 is used
instead of the calculated value, then the predicted
frequency will be 20.25 Hz or 2.8% above the
measurement.

The tabulated model properties that were orig-
inally supplied to the companies in the format of
Tables 4 and 5 were based on measured elastic
moduli for Kevlar rather than the standard handbook
values that are shown in the tables here. The
measurements of the elastic moduli were made in
consideration of the sensitivity of these param-
eters to configuration and lay-up for composite
materials. However, as discussed in the text in
regard to Table 2, some of the analyses
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underpredicted the nonrotating frequencies, based
on these original properties. Similar underpredic-
tions were obtained using the cantilever beam for-
mula for frequency. This difficulty led to a
reexamination of the elastic moduli measurements
and a rejection of them because of deflection
measurement inaccuracies. The standard E and G
values now used in Tables 4 and 5 are believed to
provide the best estimate of the elastic moduli.

Control System Stiffness

The effective control-system stiffness was
estimated from two separate measurements. The
first measurement was obtained by cantilevering the
torque tube at its outer end and then loading one
pitch arm. The resulting value of 3840 1lb/in.
includes both the torsional flexibility of the
torque tube and its flapwise flexibility. The
second measurement was obtained by loading a single
pitch link/swashplate combination vertically and
then measuring its deflection. This measured value
was 2690 lb/in. and is caused by both the torsional
and flapwise flexibility of the swashplate. The
control system stiffness is assumed to be a
series-spring summation of these two measurements
and, hence, is 1580 1lb/in.

Appendix B--Experimental Data

Tables 9, 10, and 11 show blade pitch angle in
degrees and lead-lag damping in sec™' for Cases 1
to 3. These data were obtained in the experiment
reported in Ref. 1. The lead-lag mode was excited
and the modal frequency and damping were obtained
from the transient decay using the moving-block
analysis.

Appendix C--Correlation

All theoretical predictions and experimental
data for the three cases are shown in this appendix
as Figs. 7 to 12. Some figures from the main text
are repeated here for completeness. The data and
correlation with theory are presented in two for-
mats. The first format compares the theoretical
predictions and experimental data individually for
each mathematical model used. In this format the
actual calculated points are shown as solid symbols
and the fairing between points was calculated by
the experiment analysts. The data are shown as
open symbols. The second format compares all the
theoretical predictions and experimental data on a
single composite plot. The theory is shown as the
faired curve from the first format and the experi-
mental data are shown as a stippled area.

All plots show the lead-lag damping (sec™!) as
a function of blade pitch angle (degrees). The
sketch above each figure shows the geometry of the
rotor for that particular case. A code is used to
identify the theoretical predictions for both the
individual and composite comparisons and is
explained in Table 12.



Table 9

Table 7 Flexbeam/Blade Modal Frequency and Damping

Flap

Lead-lag Torsion
Case
w, Hz o, sec w, Hz o, sec”] w, Hz o, sec”!
1 4.8y - 10.97 0.7 39.69 --
2 4.88 - 10.95 0.70 40.56 0.50
3 6.05 -- 10.80 0.75 173.0 -

Table 8 Case 2 Flexbeam/Blade Modal Frequency

Modal frequency
with pitech link

Modal frequency with no pitch

link installed,

Blade mode installed, Hz Hz

(measured) (measured) (calculated; (error)
First flap 4.69 5.21 +11.1%
Second flap 24.81 24.81 - --
First lead-lag 11.13 10.94 11.74 +7.3%
First torsion 38.28 19.73 18.24 -7.6%

Pitch Angle and Lead-Lag
Damping for Case 1 at 1100 rpm

8, deg o, sec
4.0 -4.14
-0 -4,08
-4.0 -3.97
-2.0 -1.38
-2.0 -1.62

0 -0.864
0 -0.756
2.0 -0.578
2.0 -0.559
4.0 -1.19
4.0 -1.28
6.0 -3.06
6.0 -3.17
6.0 -3.32
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Table 10 Pitch Angle and Lead-Lag
Damping for Case 2 at 900 rpm®

-1

8, deg ac, sec
-4.0 -0.646
-4.0 -0.659
-2.0 -0.538
-2.0 -0.559
+4.0 -0.742
+4.0 -0.712
+6.0 -0.781
+6.0 -0.866
+8.0 -1.11
+8.0 ~-1.008

3L ead-lag damping was not measured
at 0° pitch angle because of a
flutter that occurred at the first
torsion mode frequency.



Table 11 Pitch Angle and Lead-Lag
Damping for Case 3 at 1100 rpm

1

8, deg 9. sec”
-4.0 -0.773
-4.0 -0.732
-2.0 -0.679
-2.0 -0.672

0 -0.591
0 -0.630
+2.0 -0.713
+2.0 -0.702

+4.0 -0.914
+4.0 -0.893
+6.0 -1.21
+6.0 -1.17
+8.0 -1.47
+8.0 -1.56
+8.0 -1.51

Table 12 Explanation of Prediction Ccdes

ID  Prediction Method User

BH DRAV21 Bell Helicopter Textron

BV C-90 Boeing Vertol

HH1 DART Hughes Helicopters

S4, G400 Sikorsky Aircraft

SA, E927-2 Sikorsky Aircraft

SA3 E927-3 Sikorsky Aircraft

AL FLAIR U.S. Army Aeromechanies Laboratory
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