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Abstract

A historical account of the contributions of the
Langley Transonic Dynamics Tunnel (TDT) to
rotorcraft technology and development since the
tunnel's inception in 1960 is presented.  The paper
begins with a summary of the major characteristics of
the TDT and a description of the unique capability
offered by the TDT for testing aeroelastic models by
virtue of its heavy gas test medium. This is followed by
some remarks on the role played by scale models in the
design and development of rotorcraft vehicles and a
review of the basic scaling relationships important for
designing and building dynamic aeroelastic models of
rotorcraft vehicles for testing in the TDT.
Chronological accounts of helicopter and tiltrotor
research conducted in the TDT are then described in
separate sections.  The discussions include a
description of the various models employed, the
specific objectives of the tests, and illustrative results.

Introduction

The Langley Transonic Dynamics Tunnel (TDT)
(fig. 1) and the Aeroelasticity Branch (AB) with which
it is associated have a long and substantive history of
aeroelastic research which has made creditable contri-
butions to rotorcraft technology and development.
That research, extending from shortly after the tunnel's
inception in 1960 to the present, has included a wide
range of experimental investigations using a variety of
scale models and testbeds, and the development and
application of essential analyses.  The results of that
_____________________________
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research have contributed substantially to the technol-
ogy base needed by the industry for designing and
building advanced rotorcraft systems.  In particular, the
work has contributed to supporting rotorcraft research
and development programs, to the fundamental under-
standing of phenomena involved, and to resolving
anomalies.  For convenience of discussion, the rotor-
craft investigations may be divided into two categories:
helicopters and tiltrotors.

Helicopter model testing has been conducted in the
TDT since 1963, and has generally taken the form of
research testing rather than testing in direct support of
any specific helicopter development program.  Several
testbeds have been used for helicopter testing in the
TDT (fig. 2).  The first (fig. 2a) was built by Lockheed
Aircraft Company and was used for testing of hingeless
rotor configurations in support of the XH-51 research
helicopter development program.  A testbed developed
by Bell Helicopter Company was used for two-bladed
teetering rotor studies (fig. 2b).  The Lockheed testbed
was later refurbished in-house at Langley and became
known as the Generalized Rotor Aeroelastic Model, or
GRAM (fig. 2c).  This testbed was used for helicopter
rotor testing at the TDT until the late 1970s.  The cur-
rent testbed, known as the Aeroelastic Rotor Experi-
mental System, or ARES (fig. 2d), has been used for all
helicopter rotor testing in the TDT since 1977.  The
ARES testbed has been used for investigations involv-
ing rotor performance, loads, stability, and acoustics
for a number of rotor models.  For example, the ARES
has been used for the study of conformable rotors to
define their potential for altering blade spanwise and
azimuthal airload distributions to improve rotor per-
formance and reduce loads.  An active control concept
known as Higher Harmonic Control (HHC) was tested
on the ARES to confirm predictions as to the level of
reduction in fixed-system vibration and blade-vortex
interaction noise.  The ARES testbed has also been
used to obtain aeromechanical stability and loads data
for hingeless and bearingless rotor models and to vali-
date existing analytical models.  The ARES testbed has
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also been used for studies to evaluate rotors incorpo-
rating advanced technologies that will be needed to
meet military requirements for increased mission ef-
fectiveness and improved safety and survivability in
future helicopters.

Tiltrotor aeroelastic research in the TDT (fig. 3) has
been about equally divided between supporting re-
search and development programs.  This work has its
roots in propeller whirl flutter studies conducted in the
TDT in the early 1960s, and some later fundamental
studies into the whirl flutter behavior of propellers
having flapping blades.  Tiltrotor aeroelastic studies
began in 1968 in an exploratory parametric investiga-
tion of stability, dynamics, and loads using a model of
a proposed Bell Helicopter Company tiltrotor design
designated the Model 266.  In the early 1970s, aerody-
namic and flutter clearance tests were conducted in
support of the development program that led to the
NASA/Army XV-15 tiltrotor research aircraft.  During
this same period, a parametric investigation of propro-
tor whirl flutter was conducted using an off-design re-
search configuration of a proposed Grumman tiltrotor
design.  There was a hiatus in tiltrotor research activity
at AB from 1974 until 1984, after which tests were
conducted on a Bell tiltrotor model in support of the V-
22 development program.  A second hiatus in tiltrotor
research occurred from 1985 to 1994, after which there
was a resurgence of tiltrotor activity within AB/TDT,
primarily in anticipation of NASA’s Short Haul Civil
Tiltrotor program.  This led to a new tiltrotor research
program using a refurbished version of the V-22 model
that was tested earlier in the TDT in support of the V-
22 program.  The refurbished model has been incorpo-
rated into a tiltrotor research testbed called the Wing
and Rotor Aeroelastic Testing System (WRATS).  In
collaboration with Bell Helicopter Textron, studies un-
der the current research program are focusing on a
range of aeroelastic technical areas that have been
identified as having the potential for enhancing the
commercial viability of tiltrotor aircraft.  In particular,
emphasis is being placed on the development of active
and passive techniques for vibration control, stability
augmentation, and increased aerodynamic performance
of tiltrotor aircraft.

Several overviews of TDT aeroelastic research ac-
tivities have been published over the years (see, for ex-
ample, refs. 1-9).  However, these reviews have either
been generic discussions of work conducted in the
TDT without any particular emphasis on rotorcraft, or
specific to rotorcraft but incomplete with respect to the
scope of the work reviewed.  The purpose of this paper
is to present a complete and unified historical account
of AB/TDT aeroelastic research accomplishments that
have contributed to rotorcraft technology and devel-

opment since the inception of the TDT in 1960.  Rele-
vant ancillary studies contributing to this technology
base are also included.  The paper begins with a sum-
mary of the major characteristics of the TDT and a de-
scription of the unique capability offered by the TDT
for testing aeroelastic models by virtue of its heavy gas
test medium. This is followed by some remarks on the
use of scale models in the design and development of
rotorcraft vehicles, and a review of the basic scaling
relationships important for designing and building dy-
namic aeroelastic rotorcraft models for testing in the
TDT.  Helicopter and tiltrotor tests that have been con-
ducted in the TDT are then described in separate sec-
tions.  In each of these sections, a chronological ac-
count of the pertinent work and contributions is given.
These discussions include a statement on the objectives
of the tests, a photograph and a description of the vari-
ous models and testbeds used, and illustrative results
that characterize the phenomenon (or phenomena) un-
der investigation.  Where and when appropriate, an ex-
planation of the pertinent fundamental mechanisms and
interactions involved in the phenomena is included in
the discussion.  Each section concludes with a résumé
of current and planned research activities.

Tunnel Characteristics

The Langley Transonic Dynamics Tunnel (TDT) is
a single-return, closed-loop, continuous-flow, variable-
pressure, slotted-throat wind tunnel having a test sec-
tion 16-feet square (with cropped corners).  An aerial
view of the wind tunnel and its adjoining engineering
and equipment building is shown in figure 1.  A sche-
matic depicting the general arrangement of the tunnel
is shown in figure 4.  The tunnel uses either air or a
heavy gas as the test medium and can operate at total
(stagnation) pressures from near vacuum to atmos-
pheric.  It has a Mach number range from near zero to
about 1.2, with attendant maximum Reynolds numbers
of about three million per foot in air to about ten mil-
lion per foot in heavy gas.  Both Mach number and
pressure are independently controllable.

The TDT is specially configured for aeroelastic
testing.  Large windows are provided for close, unob-
structed viewing of the model from the control room.
A set of four by-pass valves is present in the wind-
tunnel circuit to allow quick reduction in the dynamic
pressure in the test section in case of model instability.
The tunnel fan blades are protected from debris of
damaged models by a wire-mesh safety screen.  A va-
riety of model mount systems is available.  For heli-
copter testing, stand-mounted testbeds have been used.
For tiltrotor testing, stand-mounted, sidewall-mounted,
sting-mounted, and rod-mounted models have been
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used.  The TDT also offers an airstream oscillator sys-
tem for gust studies.  The system consists of an ar-
rangement of biplane vanes located on either side of
the tunnel entrance section (fig. 5). Vane frequency and
amplitude are adjustable and the two pairs of vanes
may be operated either in phase or out of phase to pro-
vide vertical or rolling gust fields.

The tunnel was originally constructed as a 19-foot
diameter subsonic pressure tunnel in 1938 (ref. 10).   In
the late 1950s, the facility was converted to a transonic
dynamics tunnel to fill the need for a wind tunnel dedi-
cated to the testing of large aeroelastic models of aero-
space flight vehicles from low subsonic through tran-
sonic speeds.  This new aeroelastic testing capability
was made possible by using the high-molecular-weight
gas R-12 as the test medium (ref. 11).  A number of
subsequent comparative tests (see, for example, refs.
12-15) confirmed pre-conversion studies as to the
soundness of testing aeroelastic models in R-12 instead
of air.  Environmental concerns raised in the late-1980s
regarding the continued widespread use of R-12 led to
a NASA decision to replace the R-12 used in the TDT
with the environmentally acceptable and essentially
equivalent refrigerant R-134a.  Conversion of the TDT
heavy gas test medium from R-12 to R-134a was com-
pleted in 1997 and is described in references 16-17.
Subsequent wind tunnel characterization and calibra-
tion tests were completed in 1998, after which normal
tunnel operations resumed.  Because R-12 and R-134a
have comparable properties, the primary flow charac-
teristics of the TDT for R-134a operations are not
much different from those for R-12, as was expected.
For this reason, the advantages of testing in heavy gas
will continue with R-134a.  However, because the
speed of sound in R-134a is slightly higher than in R-
12 rotorcraft models tested in R-134a must be operated
at higher rotor rotational speeds to maintain Mach
scaling.

Since its inception, the TDT has been a unique na-
tional facility for testing aeroelastic models of a variety
of aircraft, spacecraft, and launch vehicles (see, for ex-
ample, refs. 1-2).  The heavy gas feature of the tunnel
(in combination with its large size) offers several ad-
vantages over air with respect to designing, building,
and testing aeroelastic models.  For example, improved
model-to-full scale similitude, eased fabrication re-
quirements, lower model vibration frequencies, re-
duced test section flow velocities, larger test Reynolds
numbers, and reduced tunnel power requirements.  The
size of the test section easily accommodates model ro-
tors up to 10 feet in diameter. More detailed descrip-
tions of the TDT and its capabilities may be found in
references 16-17.

Some Remarks on the Use of Scale Models

Aeroelastically-scaled wind-tunnel models have
played an important role in the design, development,
and verification process in diverse fields of engineer-
ing, including aerospace engineering (see, for example,
refs. 18-23).  Their use is particularly prolific in the
field of aeronautics wherein dynamic aeroelastic (i.e.,
flutter) models are extensively employed both to sub-
stantiate that an aircraft design is free of aeroelastic in-
stabilities within its flight envelope, and to validate
analyses.  Analytical capabilities for addressing aero-
elastic design issues of aircraft have improved signifi-
cantly over the years.  However, because aircraft have
continued to increase in structural and aerodynamic
complexity, the need to rely on wind-tunnel tests of
sub-scale models to verify predicted behavior and per-
formance before entering the flight test stage of a de-
velopment program remains.  Such models are also
widely used in research investigations dealing with
such issues as active control of aeroelastic stability and
response, buffet load alleviation, and for the validation
of analytical and computational methods used in de-
sign.

The importance of sub-scale models for helicopter
research has been recognized as early as 1950 (refs. 24-
25).  However, sub-scale models have also played a
valuable, although perhaps less prominent, role in the
design and development of helicopters, tiltrotors, and
V/STOL aircraft (for example, see refs. 22-23, 26-27).
The importance and role of sub-scale models in rotor-
craft research and development have been recognized
by both government and industry on many occasions.
For example, references 28-29 emphasized the impor-
tance of a properly conducted wind-tunnel test program
that includes both model-scale and full-scale testing to
reduce the technical risk of a rotorcraft development
program, and to lessen the chance for surprises in the
flight test stage.

Model Scaling Considerations

Dynamic aeroelastic models may be classified into
two general groups: (1) research models, and (2) pre-
diction models.  Research models do not represent any
particular aircraft and are at most only broadly repre-
sentative of full-scale designs.  They are used primarily
to gain insight into aeroelastic problems (e.g., identify
the types of flutter which may be associated with a new
or unusual configuration), to provide experimental data
for comparison with analysis, and to provide general
design information on flutter trends that occur with
variations in system parameters.  Prediction models are
based on actual full-scale designs and are intended to
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predict the full-scale behavior of specific aircraft.
These models are related to the full-scale designs that
they represent by certain scaling relationships.  It
should be noted that prediction models can also be used
effectively as research models.

A model will exhibit similitude or similarity to a
full-scale structure provided certain dimensionless ra-
tios have the same values for both.  These dimension-
less ratios may be determined by dimensional analysis
of all the quantities involved in the problem or (if the
structure is simple enough) from the differential equa-
tions which define the system.  The objective of the
theory of similitude (refs. 18, 19, 30-32) is to establish
those relationships that must be maintained to permit
reliable predictions to be made from measured model
behavior.  Usually, not all dimensionless ratios can be
maintained at full-scale values with reasonable choices
of materials and scale factors in available test facilities.
In such cases, complete similarity cannot be main-
tained and compromises must be made, based on expe-
rience and knowledge of the problem, by which the
less important dimensionless ratios are allowed to de-
viate from full-scale values.  Fortunately, a model is
usually designed to study only a particular phenome-
non (or class of phenomena), in which case only those
dimensionless ratios important for the phenomena of
interest need be maintained at their full-scale values.

The requirements for achieving dynamic and aero-
elastic similitude of model and full-scale aircraft and
helicopters are replete in the literature (see, for exam-
ple, refs. 31-36) and will be reviewed here only briefly
as they apply to rotorcraft.  As mentioned above, the
similarity requirements can be obtained either by ap-
plying dimensional analysis to the problem or by ex-
amining the appropriate governing equations written in
nondimensional form.  Application of such procedures
results in the identification of the basic independent
nondimensional parameters that must have a one-to-
one correspondence between model and full scale to
ensure adequate representation.   For the study of dy-
namic aeroelasticity and unsteady aerodynamics phe-
nomena, five basic similarity parameters are indicated:
Mach number, advance ratio (reduced frequency),
Lock number (mass ratio), Reynolds number, and
Froude number.  The other dependent ratios relating
model quantities to full-scale quantities can be derived
from these basic similarity parameters.  The models
must also be geometrically similar to their full-scale
equivalents in external shape as well as in their distri-
bution of mass and stiffness.  In addition, any impor-
tant body degrees-of-freedom must be included in the
models.

The simultaneous satisfaction of the five similarity
parameters noted above is not possible because of con-
flicting requirements which result for the design of a
model.  In conventional wind tunnels using atmos-
pheric pressure air as the test medium, only three of the
five parameters can be maintained at their full-scale
values.  For the simulation of flight conditions where
compressibility effects are important, it is well estab-
lished that the full-scale values of Mach number, ad-
vance ratio, and Lock number must be maintained in
the model.  This is true whether the model is to be
tested in air or heavy gas.  However, if the model is de-
signed for testing in heavy gas, Froude number may be
maintained simultaneously with Mach number, ad-
vance ratio, and Lock number by selecting an appropri-
ate length scale factor (about .20 to .29 depending on
the simulated full-scale altitude).  For simulation of
flight conditions where compressibility effects are not
important models are usually designed to maintain full-
scale values of advance ratio, Froude number, and
Lock number when tested in air.  However, for suitable
length scale factors, these models can simultaneously
obtain near full-scale values of Mach number when
tested in heavy gas.  It is generally not possible to
simulate full-scale Reynolds number in either the air or
heavy gas test mediums of the TDT.  However, the use
of heavy gas permits a nearly three-fold increase in
Reynolds number over comparable conditions in air.

Some of the more important aeroelastic scale fac-
tors applicable to rotorcraft models in the TDT are
summarized in table 1.  Scale factors are tabulated for
testing in air, R-12, and R-134a for the cases in which
either Mach or Froude number is maintained at its full-
scale value in addition to Lock number and advance
ratio.

Helicopter Research Contributions

Tests Utilizing the Lockheed Aircraft Testbed

1963 - 1964

The initial model helicopter tests in the TDT were
conducted in 1963 and 1964 as part of a cooperative ef-
fort between the U. S. Army, Lockheed Aircraft, and
NASA to conduct hingeless rotor research investiga-
tions (refs. 37-40).  The tests were conducted using a
1/3-size hingeless rotor model that was 10 feet in di-
ameter (fig. 2a).  The model blades were ballasted to
allow testing in R-12 at a density of 0.008 slugs/ft3.  A
number of configurations were tested resulting in re-
search information that included structural loads and
aerodynamic data for all the configurations tested.  The
1963 and 1964 tests included rotor configurations with
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three, four, and six blades as well as variations in the
blade flapwise and chordwise stiffnesses and stiffness
distributions.  Each configuration was tested through a
forward speed and load factor range simulating con-
ventional helicopter and compound helicopter opera-
tion (refs. 37-38).

The 1963 test involved only a three-bladed hinge-
less rotor configuration with matched root stiffness.
Testing was conducted at simulated forward speeds
from 60 to 240 mph over a range of rotor load factors
at advancing tip Mach numbers up to 0.91. Data were
obtained for helicopter, unloaded rotor, and compound
helicopter modes of operation and indicated a benefi-
cial influence of blade twist on chordwise cyclic loads
in forward flight.  This rotor was designed to enable
wide variations in dynamic characteristics and there-
fore was not representative of an optimized design.
The test in 1964 was conducted using a blade and rotor
hub design that was optimized for low drag.  The blade
flapwise and chordwise stiffnesses were also approxi-
mately matched along the blade span.  This test in-
volved three-, four-, and six- bladed rotors with the
four-bladed configuration considered as the baseline.
As in the 1963 test, all configurations were tested over
a range of forward speeds and rotor load factors to ob-
tain structural loads and performance data.  Results in-
dicated that the optimized rotor design with low
chordwise stiffness blades showed considerable prom-
ise from the standpoint of structural loads, vibration,
and performance.  The results of these two hingeless
rotor tests were encouraging with regard to the use of
hingeless rotor configurations and were of use in the
development of the Lockheed XH-51 helicopter.

Tests Utilizing Bell Helicopter Company Testbed

In the late 1960s and into the 1970s, the emphasis
in helicopter testing at the TDT was on two-bladed
teetering rotor configurations.  The tests conducted in
this timeframe used 1/4- and 1/5- size teetering rotor
models mounted on the testbed developed by Bell
Helicopter Company (fig. 2b).

1969

In 1969, a teetering rotor test (ref. 13) was con-
ducted to obtain data to assess three areas of interest: 1)
the aerodynamic characteristics of rotors operating at
combinations of high advance ratio and high advancing
tip Mach number; 2) the feasibility of obtaining rotor
structural and aerodynamic loads from a dynamically
similar scaled model; and 3) the validity of data ob-
tained in an R-12 atmosphere.  This test used a 1/4-
size, geometrically and dynamically scaled rotor sys-
tem representative of those used on Bell Helicopter

Company UH-1C and AH-1G aircraft.  An additional
1/4-size model rotor was used that had different twist
and airfoil characteristics than the scaled rotor system.
Assessment of the wind-tunnel results was made by
comparing to existing full-scale wind-tunnel data and
full-scale flight data. Comparisons of theoretical cal-
culations with the wind-tunnel data were also made.
Results documented in reference 13 show that model
and full-scale experimental rotor performance as a
function of advance ratio showed no significant trend
differences.  Comparisons of model and full-scale rotor
performance showed good agreement with variations in
advancing tip Mach number. Calculated rotor perform-
ance trends with advance ratio and with advancing tip
Mach number were not found to be in as good agree-
ment with full-scale data as was the wind-tunnel re-
sults.  Correlation of model and full-scale blade oscil-
latory loads did not yield the accuracy desired.  It was
concluded that non-scaled rotor hub impedance and
discrepancies in the full-scale blade stiffness values
used to produce the model blades probably caused this
lack of agreement.  Finally, it was concluded that trend
correlations showed that full-scale loads could be de-
termined in an R-12 atmosphere using a properly
scaled rotor model.

1973

References 15 and 41 document results of a teeter-
ing rotor test conducted in 1973 using the same testbed
as the 1969 test.  This test continued the evaluation of
R-12 as a suitable test medium for model helicopter
rotors (ref. 15), and investigated the effects of hub in-
plane support parameters ("hub impedance") on the
chordwise oscillatory loads of a two-bladed teetering
rotor (ref. 41).  To evaluate the suitability of R-12 as a
test medium, the studies involved testing a 1/5-size
aeroelastically scaled helicopter rotor in R-12 at the
same advance ratios, tip Mach numbers, shaft angles of
attack, and collective pitch values as a full-size heli-
copter rotor tested in air.  Reynolds number variations
were achieved through controlled R-12 density changes
and the use of a wide chord model rotor that was not
aeroelastically scaled. Integrated rotor performance
from the aeroelastically scaled model rotor provided
data trends and magnitudes that agreed well with full-
scale rotor data (figs. 6-7) even at the lower values of
model Reynolds numbers.  An exact match of full-scale
rotor Reynolds number was accomplished by utilizing
the wide chord model rotor, but with accompanying
mismatches in rotor solidity and aeroelastic scaling.
Performance results obtained for the full-scale and
model-scale rotors are summarized in figure 8.  Region
B of figure 8 illustrates the expected performance trend
with decreasing Reynolds number for the wide chord
blade, i.e., more torque required at a given rotor lifting
task.  An unexpected result of these tests is illustrated
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by Region A of figure 8 which shows that better model
performance correlation with full-scale values was
achieved with a dynamically scaled rotor of the correct
solidity than with a rotor that matched Reynolds num-
ber but, was not dynamically scaled.  It was concluded
that Reynolds number effects may be minor in rotor
aerodynamic performance testing in comparison to the
combined effects of rotor solidity and blade elastic
properties.

The determination of the effect of hub inplane sup-
port parameters on two-bladed teetering rotor chord-
wise oscillatory loads consisted of : 1) a shake test to
define the impedance of several testbed configurations
as a function of frequency, and 2) testing of the con-
figurations in the TDT. Wind-tunnel test results
showed that the one-per-rev inplane bending moments
could be changed by a factor of two, depending on the
testbed configuration, at the same aerodynamic oper-
ating condition.  The higher harmonic blade loads and
pitch link loads were not affected by changes in inplane
hub impedance.  Additionally, the test results generally
substantiated the predicted trends, although differences
in the magnitude of the blade bending moments were
observed when compared to predicted results.  Some of
these differences were attributed to the influence of the
testbed strain-gage balance or tunnel floor on hub im-
pedance. A definitive reason for the difference between
the measured and calculated blade bending moments
was not arrived at since neither of these effects were
accounted for in the analysis.

Tests Utilizing the GRAM Testbed

In 1974 and 1975 teetering rotor tests were con-
ducted utilizing the GRAM testbed (fig. 2c). These
teetering rotor tests (ref. 6) involved a 1/4-size aero-
elastically scaled model of a Bell Helicopter Company
AH-1G "Cobra" rotor (fig. 9), and two 1/5-size aero-
elastically scaled wide-chord rotor configurations, with
(fig. 10) and without a mid-span flap hinge (fig. 11).

1974

The purpose of the AH-1G rotor test (ref. 6) was to
determine whether two-bladed teetering rotors can ex-
perience stall flutter, which is a factor that limits the
forward flight speed of articulated rotor configurations.
Stall flutter is a phenomenon that is characterized by
high oscillatory blade loads at the first torsional fre-
quency of the blade occurring on the retreating side of
the rotor disk.  Blade loads and rotor performance data
were obtained for the AH-1G model rotor up to ad-
vance ratios of 0.40.  In order to compare the model
test conditions with the full-scale aircraft flight enve-
lope, model thrust values for selected test points were
converted to full-scale load factors.  These results were

plotted on the aircraft flight envelope as shown in fig-
ure 12.  Based on the comparison with the full-scale
load factors in figure 12 it was determined that model
data were obtained that corresponded to full-scale
thrust values both within and without the aircraft sus-
tained operating envelope.  Model thrust data were also
obtained outside the sustained operating value of the
aircraft, but within the maneuver, or transient, enve-
lope.  It should be noted that the model tests did not
simulate maneuvers, but rather the model thrust simu-
lated the full-scale thrust required in maneuvering
flight.  For three of the test points presented in figure
12, the model blade torsional moment waveforms at
45% blade radius are shown for two rotor revolutions.
Note that at an advance ratio of 0.2, the torsional wave-
form at a low thrust condition does not indicate any os-
cillations on the retreating side of the disk (180 deg. to
360 deg. azimuth) that could be attributable to stall
flutter.  However, for the higher thrust condition at an
advance ratio of 0.2 there are significant torsional os-
cillations of the model blade on the retreating side of
the disk and these oscillations are at the first torsional
frequency of the model blade.  At an advance ratio of
0.4, the torsional waveform shown corresponds to a
maneuver thrust condition for the aircraft, and large
torsional oscillations are evident on the retreating side
of the rotor disk.  The results presented in figure 12 in-
dicate that two-bladed teetering rotors could experience
the stall flutter phenomenon experienced by articulated
rotor systems.  With regard to control system loads, the
implications of stall flutter for a teetering rotor may not
be as severe as for an articulated rotor since, even for
non-stalled conditions, the control system of a teetering
rotor must be designed to withstand the typically
higher control loads.

1975

The test of the wide-chord teetering rotor (ref. 42)
had two purposes.  The primary purpose of the test was
to evaluate the use of a wide chord blade to increase
the aerodynamic performance capabilities of a two-
bladed teetering rotor, and to obtain loads data on the
wide chord configuration.  The secondary purpose of
the test was to determine the effectiveness of a mid-
span flapping hinge in reducing the flapwise blade
loads of the wide-chord blade configuration.  Figure 13
shows a comparison of the oscillatory flapwise blade
loads as a function of blade radius for the rotor con-
figurations with and without the hinge.  As the results
in figure 13 show, the mid-span hinge was effective in
reducing the oscillatory flapwise bending moments.
The hinged rotor was also found to exhibit no tendency
to become dynamically unstable, nor were any exces-
sive outboard blade motions about the hinge observed.
From an operational point of view, the blades with the
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mid-span hinge behaved much like the blades without
the hinge.

In addition to testing two-bladed teetering rotor
configurations, the GRAM testbed was used in 1975
for testing of a four-bladed flex-hinge rotor configura-
tion (refs. 6 and 43).  Figure 14 shows the flex-hinge
rotor mounted on the GRAM testbed in the TDT.  The
flex-hinge rotor was hingeless in the flapping direction,
using low bending stiffness flexures to allow blade
flapping motions.  The blades were hinged in the lead-
lag direction with an elastomeric damper used to pro-
vide inplane damping and stiffness.  This inplane con-
figuration allowed the rotor to behave dynamically as a
soft-inplane hingeless rotor.  The flex-hinge model had
a diameter of 10 feet and was Froude-scaled for opera-
tion in air, as opposed to R-12, because the test re-
quired a large number of configuration changes.  Typi-
cally, tests in R-12 required as much as 3 hours of gas
handling for each model configuration change.  The
objectives of the tests were to provide performance,
loads, and stability data for the flex-hinge configura-
tion.  These data were intended to aid the development
and eventual flight test of full-scale hardware by Bell
Helicopter Company as part of its internal research and
development efforts.  Figure 15 shows samples of the
flex-hinge rotor performance data obtained at an ad-
vance ratio of 0.35.  The results in figure 15 are plots
of the rotor torque coefficient versus rotor thrust coef-
ficient and rotor lift coefficient versus rotor drag coef-
ficient for three values of rotor shaft angle of attack.
Similar performance results were obtained over the in-
tended operational envelope to determine how the flex-
hinge rotor could be expected to perform.

A concern for testing of the flex-hinge rotor was
whether the configuration would experience the air
resonance phenomenon that can occur for soft-inplane
hingeless rotors.  Air resonance involves coupling be-
tween the first blade inplane mode and fuselage pitch
and roll modes.  In order to examine the stability char-
acteristics of the flex-hinge rotor, an on-line subcritical
testing technique (ref. 44-45) was used to determine the
frequency and damping in the mode of interest at each
test condition.  By monitoring the damping as a func-
tion of the test parameters the stability boundary may
be defined.  Although no instabilities were experienced
during testing of the flex-hinge rotor, damping trends
were obtained to determine an optimum level of
damping from both a stability and blade response point
of view.  Figure 16 shows the trend of damping for the
blade lead-lag mode as a function of advance ratio for
the nominal damper configuration.

Tests Utilizing the ARES Testbed

In 1977, the ARES testbed (fig. 2d) was put into
service at the TDT and has been used since then for all

studies of aeroelastically scaled main-rotor systems.  A
description of the ARES and associated instrumenta-
tion can be found in references 7 and 8.  Initial use of
the ARES testbed was accompanied by a change in
emphasis from the testing of two-bladed teetering rotor
configurations to the testing of four-bladed articulated
rotor configurations.  The initial series of articulated
rotor tests was conducted in the late 1970’s and early
1980’s to investigate conformable rotor configurations.
A conformable rotor (refs. 46-50) is intended to use
passive means of inducing dynamic twist along a rotor
blade to alter unfavorable blade spanwise and azi-
muthal load distributions to improve rotor performance
and reduce vibratory loads.  The tests in the TDT in-
vestigated the use of tip geometry as a means of in-
ducing rotor blade dynamic twist.

1977

Reference 51 documents the initial TDT test that
investigated the use of blade tip geometry to improve
rotor performance and reduce loads. This test used
model rotor blades that were aeroelastically designed
but did not represent any full-scale rotor in production.
The blades were originally designed to be Mach-scaled
for operation in air, but were converted for operation in
R-12 by adding ballast weights that produced the
proper Lock number. The tests were conducted at com-
binations of rotor shaft angle of attack, rotor lift, and
rotor advance ratio to evaluate the effects of tip
geometries incorporating sweep, taper, and anhedral.
Tip geometry changes were made through the use of
interchangeable blade tips.  Results from this test indi-
cated that the use of tip sweep reduced blade flapwise
and chordwise bending moments and torsional mo-
ments as well as control system loads, while improving
rotor forward flight performance above an advance ra-
tio of 0.30. The use of blade tip anhedral was found to
increase blade bending moments while reducing tor-
sional moments. Anhedral was found to improve rotor
performance in hover as well as in forward flight up to
an advance ratio of 0.30.

1978

In 1978 a test was conducted in the TDT as a fol-
low-up to the 1977 test.  The follow-up test used the
same model rotor blades as the 1977 test, and was con-
ducted to evaluate the impact of additional tip geome-
tries on the interaction between blade torsional loads
and rotor performance.  This test is documented in ref-
erence 52.  The data acquired were evaluated to deter-
mine if the tip geometries tested produced the torsional
moments required for a successful conformable rotor,
i.e., reducing nose-down twist on the advancing side of
the rotor disk while avoiding stall on the retreating side
of the disk.  Results from the test indicated that there
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does not appear to be a strong correlation between
blade torsional loads and the prediction of rotor per-
formance.  It was also determined that reducing the
nose-down twist on the advancing blade appeared to be
more important to rotor forward flight performance
than increasing the nose-down twist on the retreating
blade.  Reference 52 also includes analytical results
that addressed the effect of using uniform and non-
uniform inflow models on the correlation between
measured rotor torsional loads and performance.  It was
shown in reference 52 that the nonuniform inflow
model more accurately predicted the angle-of-attack
environment that would result in the blade torsional
moments needed for a successful conformable rotor.

1979

Based on the results of the 1977 and 1978 tests,
tests were conducted at the TDT to investigate addi-
tional conformable rotor configurations.  The 1979 test
was conducted to investigate the effects of blade tor-
sional stiffness, tip sweep, and camber on blade dy-
namic twist as suggested by the analysis described in
reference 49.  This test (refs. 53-54) used two sets of
aeroelastically scaled model rotor blades.  The baseline
blade set was generally based on the full-scale UH-60A
blade design.  Blade weight, torsional inertia and flap-
wise, chordwise and torsional stiffnesses were scaled
from UH-60A blade properties although no attempt
was made to match the detailed distributions of the
full-scale blades.  The second blade set was geometri-
cally identical to the baseline blade but incorporated a
nominal 4-to-1 reduction in torsional stiffness outboard
of the fifty-percent radius station.  The blade set with
reduced torsional stiffness is referred to as the aero-
elastically conformable rotor, or ACR.  Each blade set
incorporated adjustable trailing edge tabs to allow
changes in local pitching moment, as well as the capa-
bility to vary the tip geometry outboard of the 89% ra-
dial station by using interchangeable blade tips.  Data
were obtained in R-12 at a nominal density of 0.006
slugs/ft3 at advance ratios from 0.2 to 0.45 and at hover
tip Mach numbers of 0.62, 0.65, and 0.68.  The results
of this test indicated that blade dynamic twist is con-
trollable through blade design.  It was shown (fig. 17)
that the use of the blade trailing edge tabs produced
more elastic twist than either tip sweep or tip anhedral.
Blade flapwise, chordwise and torsion loads were
found to be reduced, and rotor performance improved
for configurations that reduced advancing blade twist.
This result is in agreement with results obtained during
the 1978 test documented in reference 52.  One con-
cern of using blades with reduced torsional stiffness is
the possible effect on aircraft stability and control
characteristics.  The variation of blade torsional re-
sponse with the application of controls or with air-
speed, for example, can affect the rotor contribution to

aircraft stability and control derivatives.  However, test
results showed that the control inputs required to
achieve trim (fig. 18) and the control derivatives of the
reduced torsional stiffness configuration were not sig-
nificantly different from those of the baseline rotor.

1980 to 1983

A second test of an ACR configuration was con-
ducted in the TDT in 1980 (ref. 55).  This test used a
new set of baseline and ACR model blades.  The char-
acteristics of both sets of blades were based on the ro-
tor system of the U.S. Army YAH-64 helicopter, how-
ever, the ACR blade torsional stiffness was reduced by
a factor of 6, compared to the baseline blade, from 23%
radial station to the tip..  The model blades had a chord
of 4.24 inches with –8 deg of linear twist over the full
blade span and used a NACA 23012 airfoil section.
The blade mass and elastic properties had mean values
such that Mach, Froude, and Lock scaling from the
full-scale blade were correct when tested in an R-12
environment.  The test was conducted in R-12 at a den-
sity of 0.007134 slugs/ft3, three times standard air den-
sity. Both the baseline and ACR blades used a rectan-
gular planform, however, the ACR blade had an inter-
changeable tip that could be used to introduce 20 deg
of sweep over the outboard 8% of the blade span.

The test was conducted to evaluate potential bene-
fits of the ACR concept over a range of advance ratios
and rotor thrust conditions.  The test was conducted by
“flying” the model to an analytically pre-determined
trim condition that represented loadings a rotor system
must develop in flight to trim a helicopter for steady-
state operation.  This procedure was followed for both
the baseline and ACR blade sets.  Sample results from
this test are shown in figures 19-20.  The results show
the performance improvements offered by the ACR
configuration with a swept tip at high blade loading
values (fig. 19).  Figure 20 also indicates reduced flap-
wise oscillatory bending loads for the ACR configura-
tion compared to the baseline configuration.  However,
data not presented here indicates that this trend of re-
duced oscillatory bending loads for the ACR configu-
ration is not always the case at higher advance ratios.

During the conformable rotor tests conducted in the
TDT, the aeroelastic mechanism linking rotor configu-
ration performance and loads to blade deflection wasn’t
always easy to determine.  Therefore, tests were con-
ducted in 1981 and 1982 in an effort to understand the
coupling between configuration response and the re-
sulting rotor aeroelastic environment. Because earlier
conformable rotor studies had indicated the importance
of the rotor blade tip geometry in producing the neces-
sary dynamic twist, emphasis was given to parameter
changes in this area.  Seven blade tip shapes were
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tested (ref. 56) on a four-bladed articulated hub using
the baseline and ACR blade sets used in the 1979 test
(refs. 53-54).  The different tip shapes coupled with the
different blade torsional stiffnesses of the two blade
sets produced significant differences in both perform-
ance and loads. Configurations that exhibited low os-
cillatory loads also had the best performance, while the
configurations with poor performance generated the
highest loads.  Another interesting result of these tests
was the strong correlation between azimuthal variation
of elastic twist and rotor behavior.  As noted in refer-
ence 52, the configurations that exhibited small azi-
muthal activity in elastic twist were the best perform-
ers.

The utilization of a conformable rotor concept
should be evaluated not only for how successfully it
achieves improved performance and reduced loads, but
also how well it can be “fielded”.  That is, how much
change, if any, in current installation, maintenance, and
rotor tuning is necessary for the rotor concept to be
employed.  One aspect of this “fielding” process is ro-
tor tracking sensitivity and its implications to rotor and
fuselage loads.  As part of the conformable rotor stud-
ies in the TDT, a rotor track sensitivity investigation
was conducted, again using the same blade set as in the
1979 test (refs. 53-54).  The blades were subjected to a
test matrix that included a perturbation in the track on
one blade.  This perturbation was accomplished by a
deflection of the blade trailing edge tabs.  The elastic
response of the baseline and ACR torsionally soft
blades to tab deflection was correlated with fixed-
system loads (ref. 57).  The torsionally soft blades were
found to respond very differently than the baseline
blades to the same tab deflection.  As shown in figure
21, the torsional moments for both stiff and soft blades,
due to tab deflection, resulted in different blade flap-
ping magnitudes, flapwise loads, and fixed-system vi-
bration.  These results indicate a potential coupling of
blade torsional deflection, blade oscillatory loads, and
fixed-system vibration which results from a high sensi-
tivity of the conformable rotor to practical tracking
procedures.

The interest in reducing helicopter fixed-system vi-
bration led to the investigation of the use of active as
well as passive means of controlling rotor vibratory
loads.  These active control tests were conducted in
conjunction with the conformable rotor studies and in-
volved the higher harmonic control (HHC) concept of
references 58-63.  The approach combined HHC ex-
perimental studies with the development of control al-
gorithms suitable for real-time implementation of the
required control inputs, and presented the first oppor-
tunity to evaluate an adaptive control system using op-
timal control theory for model helicopter vibration re-

duction. The HHC concept involves superimposing
fixed-system swashplate motions at the blade passage
frequency on the basic collective and cyclic require-
ments.  The phase and amplitude of the HHC inputs are
chosen to minimize the blade passage responses trans-
mitted to the fixed-system.  Details of the choice of
electronic control designs and software can be found in
references 60 and 61.

Experimental verification of the HHC concept was
conducted during two tests in 1980 using a four-bladed
articulated model rotor tested over a range of advance
ratios simulating 1g flight with the rotor first harmonic
flapping trimmed to the shaft.  Data were recorded to
quantify the vibratory load levels without the HHC op-
erating.  The HHC closed-loop system was then acti-
vated and allowed to stabilize.  With the controller still
operating at its stabilized condition, data were recorded
to establish the vibratory responses with higher har-
monic control. The success of the HHC in reducing
fixed-system vibratory responses is shown in figure 22.
Variations in the fixed-system signals with and without
the HHC operating indicated substantial control of the
fixed-system vibration levels.  It should be noted that
although the required control inputs are small (less than
one degree) the blade and control system loads usually
increase with the HHC system operating as shown in
figure 23. These experimental studies helped to accel-
erate the successful application of the HHC concept in
a full-scale helicopter flight test described in references
62 and 63.

It has already been noted that the initial helicopter
tests in the TDT were conducted to investigate hinge-
less rotor configurations.  Soft in-plane hingeless rotors
were of primary interest when two tests, combined with
analytical studies, were conducted in 1982 and 1983 to
investigate the ground resonance characteristics of
these configurations (refs. 64 – 65).  These efforts were
intended to aid in the identification of an analysis that
can be used in both the design and testing phases of
hingeless and bearingless rotor development.

The rotor model used for these tests was a soft in-
plane hingeless rotor that was not a dynamically scaled
representation of a specific aircraft hub, but rather was
representative of a typical full-scale design based on
Mach number, Lock number, and frequency simula-
tion.  The model blades used were fabricated specifi-
cally for testing in R-12.  The rotor hub (fig. 24) con-
sisted of metal flap and lead-lag flexures each strain-
gaged and calibrated to measure motion in those direc-
tions.  The hub also utilized a mechanical feathering
hinge to allow blade pitch motion.
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The first generation Comprehensive Analytical
Model of Rotorcraft Aerodynamics and Dynamics
(CAMRAD) (refs. 66 – 67) computer program was
used as the analytical tool for these tests.  The struc-
tural dynamic model of the rotor included elastic de-
grees of freedom in flap bending, lead-lag bending, tor-
sion, and a rigid pitch degree of freedom.  The blade
was represented by a spanwise distribution of mass,
flapwise and chordwise bending stiffness and torsion
stiffness, and moment of inertia.  An estimated struc-
tural damping was also included in the rotor data and
body characteristics were also included in the
CAMRAD model.  The rotor blade aerodynamic forces
were calculated using lifting line theory and steady
two-dimensional airfoil characteristics with corrections
for unsteady and three-dimensional flow effects.  The
degrees of freedom used in the stability analysis were
the blade flap and lag motions, the body pitch and roll
motions, and rotor dynamic inflow.

Testing was conducted in both hover and forward
flight.  A sample of the predicted and measured hover
results is shown in figure 25 for a blade collective pitch
of eight degrees.  The predicted and experimental lead-
lag frequencies are seen to be in good agreement.  The
regressing lag mode damping in the fixed-system is
also well predicted.  An unstable region is indicated
near the regressing lag-roll coalescence rotor speed.
Due to rotor stress level limitations, the test could not
be carried out for rotor speeds above 650 rpm.  Figures
26 and 27 present analytical and experimental lead-lag
damping results that show the effect of blade droop and
pre-cone angles on the damping levels in forward
flight.  These wind-tunnel tests of a hingeless rotor
configuration aided the further development of a satis-
factory technique for aeromechanical stability testing at
the TDT, as well as identifying an analysis that pro-
duced good correlation with experimental results.

1985

In the mid – 1980s the emphasis of helicopter test-
ing in the TDT changed once again to an area referred
to as “advanced rotor design studies.”  Testing in this
area has been continued up to the present time.  These
tests, like others previously discussed,  have focused on
improving rotor performance and reducing vibratory
loads.  The first of these tests was conducted in 1985 in
support of a U.S. Army program that was intended to
upgrade the UH-60 Blackhawk helicopter. This
planned upgrade involved the design and qualification
of new main-rotor blades to improve aircraft perform-
ance.  In support of this effort, the aerodynamic char-
acteristics (airfoil section, planform, twist, and solidity)
of an advanced rotor blade were analytically designed
at the U.S. Army Aerostructures Directorate, located at
Langley Research Center, using the approach described

in reference 68.  The advanced blade planform geome-
try is shown in figure 28.  The baseline blades for this
investigation were models of the UH-60A rotor (fig.
29) that were used in the conformable rotor studies
conducted in 1979.  Both the baseline and advanced
blade sets were nominally 1/6-size and aeroelastically
scaled.  The tests were conducted to reduce the risk of
full-scale development by providing comparative data
between a candidate advanced rotor design and the
baseline rotor.

The purpose of this test (ref. 69-70) was to compare
the performance and loads characteristics of the base-
line and advanced rotor systems.  Therefore, each rotor
was evaluated at the same nominal test conditions de-
fined by advance ratio, hover tip Mach number, and
rotor lift and drag coefficients. The range of advance
ratio covered in these tests was from 0.0 to 0.40.  Some
illustrative rotor performance and fixed-system vibra-
tory loads results are shown in figures 30 and 31, re-
spectively.  These results are for a nominal design con-
dition used by the Army, namely, 4000 feet geometric
altitude and 95 deg F ambient temperature.  The data in
figure 30 show the improvement in performance pro-
vided by the advanced rotor throughout the speed range
for two simulated gross weight conditions.  Similar re-
sults were obtained for the other simulated gross
weight conditions tested.  Although the data are not
presented here, the advanced rotor also showed per-
formance improvements in hover.  Figure 31 shows the
4-per-rev fixed-system vertical loads produced by the
baseline and advanced rotor.  The data show that the 4-
per-rev fixed system loads produced by the advanced
rotor are higher than those produced by the baseline
rotor throughout the speed range.  This trend was con-
sistent for all gross weight conditions tested.

1987

The first helicopter rotor test using a bearingless
rotor hub configuration was conducted in the TDT in
1987.  The objective of the test described in reference
71 was to investigate the use of  a Bell Helicopter Tex-
tron rotor structural tailoring concept known as rotor
nodalization (refs. 72 - 73) in conjunction with ad-
vanced blade aerodynamics and to evaluate rotor blade
aerodynamic design methodologies.  A nodalized rotor
design is intended to cancel the inertial and aerody-
namic loads at the rotor hub at a frequency equal to the
blade passage frequency (ref. 72).  This test was a part
of ongoing programs of the U.S. Army and NASA to
improve the aerodynamic performance of helicopters
and to reduce helicopter vibrations.  The model rotor
hub used in this investigation was a 1/5-size, four-
bladed bearingless hub (fig. 32).  Rotor flap, lag, and
pitch motions are accommodated by flexural arms that
are constructed of fiberglass, extend outward from the
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center of rotation, and are pre-coned 2.75 deg upward
at their inboard end.  Five sets of 1/5-size model blades
designed to represent those of an intermediate-weight
civil helicopter were used during these tests.  Two of
the five blade sets were Froude scaled for testing in air
at standard density. The remaining three blade sets
were Mach scaled for testing in R-12 at a density of
0.006 slugs/ft3, and included a rectangular planform
blade and two tapered planform blades.  The Froude
scale blades tested in air were used to evaluate struc-
tural tailoring, while the blades tested in R-12 were
used to evaluate the use of structural tailoring in con-
junction with advanced blade aerodynamics.  The plan-
forms of the Froude scaled blade sets are shown in fig-
ure 33 and the planforms of the Mach scaled blades are
shown in figure 34.

Each blade set was evaluated at the same nominal
test conditions defined by advance ratio, rotor rpm, and
rotor lift and drag.  The rotor rpm used for all of the
test points was 780 rpm.  The values of rotor lift and
drag used for all five blade sets were chosen to repre-
sent an aircraft of 7850 lbs gross weight with an
equivalent parasite area of 20.65 ft2 operating at 4000 ft
geometric altitude and  an ambient temperature of 95
deg F.   The range of advance ratio covered in this test
was from 0.06 to 0.35, which includes the region from
transition to high-speed forward flight.  Reference 71
documents this test and presents a tabulation of the data
pertaining to the evaluation of the structural tailoring
concept. These data consist of fixed-system and rotat-
ing system vibratory loads measured during the test.
No results are presented in reference 71 pertaining to
an evaluation of the aerodynamic design methodolo-
gies used to create the model rotor blades used in the
test.

1988

At the conclusion of the 1987 test, it was deter-
mined that insufficient rotor performance data were ac-
quired for the evaluation of the aerodynamic design
methodologies. To obtain the required data a test was
conducted in 1988 using the Mach scaled model rotor
blade sets (fig. 34) tested in 1987.  Because structural
tailoring was not an issue during this test, the rotor per-
formance data were obtained using an articulated rotor
hub instead of the bearingless rotor hub used during the
1987 test.  The test was conducted in R-12 and data
were acquired in hover and forward flight at advance
ratios from 0.10 to 0.45.

Sample hover and forward flight performance re-
sults from this test are shown in figures 35 and 36.  The
hover data presented in figure 35, for a condition of
4000 ft geometric altitude and an ambient temperature
of 95 deg F, show that the tapered planform blade re-

quired less rotor torque coefficient over the entire
range of rotor lift coefficient than did the rectangular
planform blade.  Similar results not shown here, for the
tapered and rectangular planform blades were also ob-
tained at a condition representative of sea level stan-
dard conditions.  Figure 36 shows the rotor torque co-
efficient required versus advance ratio for both the ta-
pered and rectangular planform blades.  These data
were obtained at rotor lift and drag coefficients repre-
sentative of a 7850 lb gross weight aircraft with an
equivalent parasite area of 20.65 ft2 operating at sea
level standard conditions.  The data in figure 36 show
little difference in rotor torque required between the
two blade configurations except at advance ratios of
0.15 and 0.35.  Although not shown here, it was also
determined that as advance ratio was increased to 0.40
and 0.425 the rectangular planform blades attained
higher lift and propulsive force coefficients than the ta-
pered blades before encountering high blade loads.
However, the tapered planform blades were designed
for a maximum advance ratio of 0.36.  It should be
noted that at this time none of these results have been
documented in a formal report.

In 1988, another test of the advanced rotor design
developed and tested in 1985 was conducted to investi-
gate a passive method of reducing the 4-per-rev fixed-
system vibratory loads. The passive method makes use
of concentrated non-structural masses to “tune” the
blade, similar to the approach used in reference 74, so
that vibratory shear loads transmitted to the fixed-
system are reduced.  The model blades were aerody-
namically identical to the previously tested advanced
blades, and were comprised of two major components:
an airfoil glove, which had an internal channel centered
about its quarter chord; and a steel spar which could be
inserted in the channel (fig. 37).  The steel spar had 13
cutouts located every 5% of span beginning at the 30%
radial station.  A tungsten or steel mass could be
mounted in any of the cutouts on the steel spar that was
then mated with the airfoil glove to form the complete
blade assembly.  Testing was conducted at advance ra-
tios up to 0.35 at several rotor thrust levels while
maintaining constant rotor rotational speed.  A sample
of the results obtained during these tests is shown in
figure 38. Each data point represents the effect of add-
ing a mass equivalent to approximately 10% of the to-
tal blade mass at the radial location specified by the ab-
scissa.  The results show the 4-per-rev vertical fixed-
system loads for a simulated 1g thrust condition
(Thrust = 285 lbs model scale) at an advance ratio of
0.35.  The results may be compared directly with the
baseline condition, in which no insertable masses were
installed in the blades, represented by the horizontal
line in figure 38.  A more thorough description of this
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research as well as additional results may be found in
references 75 and 76.

1989

A test conducted in 1989, while not dealing strictly
with “advanced rotor designs”, evaluated an “ad-
vanced” method of addressing rotor blade vortex inter-
action (BVI) noise. Impulsive BVI noise, due to blade
interaction with shed vortices of preceding blades, has
been a major focus of rotorcraft acoustics research for a
number of years.  One noise reduction concept (ref. 77)
purported that decreases in blade lift and/or vortex
strength at the blade-vortex encounters should reduce
the intensity of the interactions and thus the noise pro-
duced by the interaction.  This idea involves the appli-
cation of higher harmonic pitch (HHP) to the rotor
blades to modify the strengths of the shed vortices and
alter the location of the blade vortex interactions (fig.
39).  The amplitude and phase of such HHP inputs are
important since the strongest BVI occurrences tend to
be located within a limited rotor azimuth angle range
roughly between 45 deg and 75 deg (ref. 78).

The test was conducted using an articulated, 4-
bladed rotor with rectangular blades having NACA
0012 airfoil sections.  Because this was the first acous-
tics test to be conducted in an R-12 test medium, detail
flow-noise calibrations were performed in the TDT for
both air and R-12.  The results reinforced the conclu-
sions that acoustic pressures are readily scaled between
test media.  Microphone sensitivity questions for R-12
were also addressed by conducting calibrations prior to
conducting the wind-tunnel test.  The results of these
calibrations showed that the microphone response at
specific harmonics of blade passage frequency is the
same whether the tests were to be conducted in air or
R-12.  A total of 12 microphones were used for this
test, and because of the reverberant character of the
TDT test section it was decided not to attempt directiv-
ity measurements but to determine only sound power
spectra.

Open-loop HHP inputs were superimposed on top
of the rotor trim values of collective and cyclic pitch
for a broad range of rotor operating conditions while
maintaining a constant rotor thrust coefficient.  The
HHP inputs included 4-per-rev collective pitch inputs,
as well as inputs developed to simulate individual
blade control.  It was found that the application of the
HHP inputs could increase or decrease the intensity of
the BVI noise depending on the amplitude and phase of
the inputs.  A sample of the results obtained during
these tests is presented in figure 40, showing the po-
tential of using HHP inputs for reducing BVI noise
levels.  A complete documentation of this effort is pre-
sented in reference 79.

1992

Between 1990 and 1992 there were no rotorcraft
tests conducted in the TDT because of a moratorium on
the use of R-12 due to environmental concerns.  When
the moratorium was lifted in 1992, a test was con-
ducted to evaluate two advanced rotor blade design
concepts that were under development prior to the
moratorium.  The first concept involved the use of
paddle-type tip technology (refs. 80-83) that could be
used in future U.S. advanced rotor designs.  During this
test, data were obtained, using a 4-bladed articulated
hub, for both a baseline main-rotor blade and a main-
rotor blade with a paddle-type tip.  The main-rotor
blade with the paddle-type tip has the same planform as
that developed under the British Experimental Rotor
Program (BERP) but uses different airfoils, and so is
referred to as a “BERP-type” blade.  The intent of us-
ing these two blade sets was to evaluate the effect of
the BERP planform geometry on performance and
loads, not to conduct an exhaustive study of the BERP
concept.  The baseline and BERP-type blades (fig. 41)
were compared with regard to rotor performance, os-
cillatory pitch-link loads, and 4-per-rev vertical fixed-
system loads.  Data were obtained in hover and for-
ward flight over a nominal range of advance ratios
from 0.15 to 0.425.  Sample performance and loads re-
sults are presented in figures 42-45.  Results from this
test indicate that the BERP-type blade offers no per-
formance improvements in either hover or forward
flight, when compared to the baseline rotor.  Pitch link
oscillatory loads for the BERP-type blade were found
to be higher than for the baseline blade, whereas 4-per-
rev vertical fixed-system loads are generally lower.  A
complete documentation of this test is presented in ref-
erence 84.

The second concept evaluated during the 1992 test
was a configuration that used slotted airfoils in the ro-
tor blade tip region (85% - 100% radius).  This con-
figuration, known as the HIMARCS - I (first genera-
tion HIgh Maneuverability and Agility Rotor and Con-
trol System) was of interest because of the U.S. Army’s
need for increased helicopter mission effectiveness and
improved safety and survivability.  The test was con-
ducted using a 4-bladed articulated hub.  Four rotor
configurations were tested in forward flight at advance
ratios from 0.15 to 0.45 and in hover in ground effect.
The rotor hover tip Mach number was 0.627, which is
representative of a design point of 4000 ft. geometric
altitude and an ambient temperature of 95 deg F.  The
baseline rotor configuration had a conventional single-
element airfoil in the tip region.  A second rotor con-
figuration had a forward-slotted airfoil with a –6 deg
slat, a third configuration had a forward-slotted airfoil
with a –10 deg slat, and a fourth configuration had an
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aft-slotted airfoil with a 3 deg flap (trailing edge
down).  These rotor blade configurations are shown in
figure 46.  Sample performance and normalized loads
results from this test are presented in figures 47-50 and
indicate that the –6 deg slat configuration offers some
performance and loads benefits over the other three
configurations at higher rotor lift coefficients.  A com-
plete documentation of this test is presented in refer-
ence 85.

1995

During the moratorium on the use of R-12 that was
imposed between 1990 and 1992 no new research ef-
forts for model hardware development were initiated.
Further, declining budgets permitted little latitude for
the development of new model hardware.  For this rea-
son, in 1995 an in-house model rotor development pro-
gram was started.  The purpose of this program was to
determine if elementary, basic research rotor blades
could be designed by personnel at the TDT and built in
the model shops at Langley.  These blades were de-
signed to acquire loads data for correlation with analy-
ses.  The design utilized for these blades involved uni-
form mass and stiffness distributions with values repre-
sentative of aeroelastically scaled model blades typi-
cally tested in heavy gas at the TDT.  The blades were
rectangular in planform, used NACA 0012 airfoils, and
were untwisted.  Blade construction used an aluminum
spar as the primary load carrying member, foam for the
airfoil shape, and a fiberglass outer skin.  The alumi-
num spar was particularly attractive for the attachment
of strain-gages for the measurement of blade bending
moments and torsion moments.  These blades were
tested in October 1995 on a 4-bladed articulated hub in
both air and R-134a using the ARES testbed.  Data
were acquired at advance ratios up to 0.35 at moderate
rotor lift coefficients before encountering stall prob-
lems attributable to the untwisted design.  Additional
measurements were made in air at higher advance ra-
tios and rotor lift coefficients specifically for the pur-
pose of acquiring rotor stall data for correlation with
analyses.  While none of these research results have
been published, the entire effort was considered useful
due to the experience gained in the design and fabrica-
tion of aeroelastically scaled model blades.  This effort
also helped to bridge the gap between the end of testing
with R-12 and the initiation of testing in R-134a.

1999

The most recent TDT test of an advanced rotor de-
sign concept involved hover testing of a prototype ac-
tive twist rotor (ATR) blade.  Recent analytical and ex-
perimental investigations have indicated that piezoe-
lectric active fiber composites (AFC) imbedded in
composite rotor blade structures may be capable of

meeting the performance requirements necessary for a
useful individual blade control (IBC) system (refs. 86-
92).  The use of rotor IBC is of interest because active
control concepts can be used to address multiple heli-
copter problem areas such as vibrations, acoustics, and
performance.  The ATR blade design employs embed-
ded piezoelectric AFC plies to generate dynamic blade
twisting.  Mathematical models indicate that from one
to two degrees of twisting amplitude over a relatively
wide frequency bandwidth is possible using the high
strain actuation capabilities of AFC plies.  Such levels
of twist actuation authority are also possible with only
modest increases in blade weight and low levels of
power consumption.  For these reasons, AFC twist ac-
tuated helicopter rotor systems have become an im-
portant area of research at the TDT.

Investigation of the potential of AFC rotors was
initiated with two ATR mathematical modeling efforts.
The first of these modeling efforts was performed in
collaboration with researchers at the University of
Colorado and focused on the development of a simple
mathematical model for helicopter rotor blades incor-
porating active fiber composite plies.  The resulting
computer implementation of this mathematical model
is the Piezoelectric Twist Rotor Analysis (PETRA)
(ref. 88), which is ideally suited for conceptual active
twist rotor design and optimization studies.  The sec-
ond mathematical modeling effort used the second
generation of the Comprehensive Analytical Model of
Rotorcraft Aerodynamics and Dynamics (CAMRAD-
II) (ref. 93) code.  The use of the CAMRAD-II code
allowed detailed active twist rotor numerical studies to
be conducted using a state-of-the-art rotorcraft aerody-
namics and dynamics computer analysis.

The model prototype ATR blade was dynamically
scaled and was designed and constructed in a coopera-
tive effort with the Massachusetts Institute of Technol-
ogy Active Materials and Structures Laboratory (refs.
91-92).  The prototype ATR blade utilizes low weight
active fiber composites embedded along the blade,
which under appropriate electric fields produce con-
trollable twisting in the blade.  The prototype ATR
blade was tested using a four-bladed articulated hub
with three passive structure blades, identical in twist
and planform to the prototype ATR blade, mounted on
the hub for balance.  This rotor configuration was
tested at 688 rpm, at collective pitch settings of 0 and 8
degrees in both air and R-134a.  Blade actuation was
accomplished by sine-dwell signals at a fixed 1kV am-
plitude.  Peak torsional magnitudes were extracted
from FFTs of blade strain gage signal time histories.
The torsional load amplitude induced by the piezoelec-
tric actuators was found to be essentially the same for
both collective pitch values.  This indicates that blade
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actuation frequency response remains relatively unaf-
fected by rotor thrust conditions; a trend predicted in
pretest analytical studies.

Preliminary results of the prototype ATR blade
hover test indicate that peak twist magnitudes of about
one degree were attainable at full design rotor speed,
test medium density, and collective pitch.  This level of
twist actuation performance is sufficient to produce
70% reductions in fixed-system vibration amplitudes
based on CAMRAD-II active twist simulation studies
(ref. 92).  Endurance of the active fiber composite ac-
tuator plies was also found to be acceptable, with only
one actuator electrical failure, out of 19 original actua-
tors, encountered over the course of the testing.  A
complete evaluation of data obtained during this test is
underway.  A set of four model ATR blades, based on
the prototype blade design, is being fabricated with
forward flight testing planned for the summer of calen-
dar year 2000.

The final test to be described, also conducted in
1999, was a test intended to acquire data for correlation
with analysis.  Throughout the descriptions of the heli-
copter tests conducted in the TDT there has been the
recurring theme of reducing fixed-system vibrations.
The primary contributor to helicopter vibration is the
main rotor.  Accurate prediction of main-rotor vibra-
tory loads enables researchers to develop an under-
standing of the roles played by various design parame-
ters with regard to helicopter vibration (refs. 94 - 95).
The prediction of rotor vibratory loads has produced
less than satisfactory results over the years.  References
96-98 indicate that throughout the 1970s and 1980s the
state-of-the-art of rotor loads analyses made successful
prediction of rotor loads difficult, particularly for the
higher frequency loads which are of primary interest
when addressing helicopter vibrations.  Reference 99
indicates that the prediction capability of current analy-
ses has not improved greatly from that of 1970’s and
1980’s technology.  The search for analyses that can
accurately predict rotor vibratory loads will continue
until an analysis is identified that can give a designer
confidence that the goal of lower vibration can be met
before committing to a costly fabrication process.  To
aid in the identification of such an analysis, a test was
conducted in the TDT to acquire data for comparison
with the CAMRAD-II computer code to evaluate the
capability of this code to predict rotor performance and
vibratory loads.

The model blades used in this test were 0.16-size,
aeroelastically scaled representations of advanced
main-rotor blades intended as an upgrade for Sikorsky
S-61 helicopters used in commercial applications.  The
blades incorporate a swept, tapered tip and RC-series

airfoils designed at NASA-Langley Research Center
(refs. 100 - 101).  Figure 51 shows a planform view of
the model blades.  Unlike the helicopter tests con-
ducted in previous years at the TDT, this test was con-
ducted in the new R-134a test medium using a 5-bladed
rotor system.  Rotor performance and loads data were
acquired in hover and forward flight up to an advance
ratio of 0.375.  The data were obtained by trimming the
model to rotor lift and drag coefficients representative
of a 20,000 lb S-61 helicopter operating at sea level
standard conditions.  The model was operated at a con-
stant rotor speed that produced the nominal required tip
Mach number.  Experimental data were compared to
CAMRAD-II results obtained at the same conditions.
Samples of the comparison between experimental and
analytical results are shown in figures 52-53.  Figure
52 presents the rotor forward flight performance com-
parison in terms of rotor torque coefficient required
versus advance ratio.  It should be noted that experi-
mental and analytical results were obtained at advance
ratios beyond the capabilities of the full-scale S-61.
This was done in order to obtain information on the
advanced S-61 blade design over as wide a range of
test conditions as possible.  Figure 52 shows that the
CAMRAD-II results indicate less rotor torque required
than the experimental results at advance ratios above
0.125.  The reduced rotor torque coefficient indicated
by the analysis can be attributed to the use of airfoil
data obtained at full-scale values of Reynolds number,
while the experimental results were obtained at less
than full-scale Reynolds numbers even though a heavy
gas test medium was utilized.  The analytical results in
figure 52 below an advance ratio of 0.125 are attributed
to the free-wake model in the analysis not being fully
representative of the experimental environment.  Figure
53 shows a comparison of the mean flapwise and
chordwise blade bending moments and the mean blade
torsional moments versus blade radial station at an ad-
vance ratio of 0.25.  The results in figure 53 indicate
the analysis captures the mean bending moment trends
along the blade span at this advance ratio, but is not as
successful at predicting the mean blade torsional mo-
ments.  Results not presented here indicate the analysis,
using the free wake model, does a good job of predict-
ing the 5-per-rev fixed-system vibratory loads up to an
advance ratio of 0.15, but above that advance ratio the
correlation between experimental and analytical results
is poor.  Reduction and analysis of the experimental re-
sults from this test will continue along with continued
correlation of the experimental and analytical results.

Current/Planned Helicopter Research

Helicopter research in the TDT/AB continues to in-
volve testing of both passive and active rotor configu-
rations, with comprehensive analyses being used in the
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design of models and planning of tests.  Currently, the
emphasis is on continued testing and development of
the active twist rotor (ATR) concept with research on
additional active controls concepts under consideration.
For example, the use of smart materials in the devel-
opment of a “swashplate-less” rotor system will be of
interest in the next few years.  Testing of additional
high-lift rotor configurations using slotted airfoils is
planned for 2001.  Continued analysis using
CAMRAD-II will be conducted to investigate the role
played by various rotor parameters in the reduction of
fixed-system vibration.  It is hoped that additional
testing will also be conducted in support of the efforts
using CAMRAD-II.

Tiltrotor Research Contributions

The Bell/Boeing V-22 Osprey (fig. 54) which is
being built for the U. S. Military is a tiltrotor aircraft
combining the versatility of a helicopter with the range
and speed of a turboprop airplane.  The V-22 repre-
sents a tiltrotor lineage that goes back fifty years, dur-
ing which time contributions to the technology base
needed for its development were made by both gov-
ernment and industry.  NASA-Langley Research Cen-
ter has made substantial contributions to tiltrotor tech-
nology and development in several areas, in particular
in the area of aeroelasticity.  The purpose of this sec-
tion of the paper is to present a chronological summary
of the tiltrotor aeroelastic research conducted in the
TDT by the Aeroelasticity Branch that has contributed
to that technology.

Tiltrotor aeroelastic research in the TDT formally
began in 1968, but its roots actually extend back to
1960 when an extensive test program was initiated to
study the phenomenon of propeller whirl flutter.  A
brief review of these early studies that are relevant to
the subject area is presented first.  This work includes
the whirl flutter studies conducted initially for conven-
tional propellers, then for propellers having blades with
flapping hinges, and finally for high-bypass-ratio
ducted fan-jet engines.  The major portion of this sec-
tion addresses the tiltrotor aeroelastic studies which
were conducted later, first (1968-1974) in support of
the program which led to the XV-15 tiltrotor research
aircraft, then (1984-1985) in support of the V-22 til-
trotor aircraft development program, and finally (1994-
present) as part of Langley's base research in tiltrotor
aeroelasticity.  The development of essential computer
programs for aeroelastic stability and response analyses
of tiltrotor aircraft was initiated in 1970 and has pro-
ceeded concurrently with the experimental studies (ta-
ble 2).  Illustrative results obtained from these wind-
tunnel tests as well as companion analyses are pre-

sented and discussed. The section concludes with a
résumé of current and planned research activities in
tiltrotor aeroelasticity.

Relevant Early Work

Propeller Whirl Flutter

Propeller whirl flutter is a self-excited whirling in-
stability that can occur in a flexibly-mounted aircraft
propeller-engine combination.  The possibility that
such an instability might occur was first mentioned as
early as 1938.  However, the very large margins of
safety prevalent at that time and in later years resulted
in the phenomenon being accorded only academic in-
terest.  In particular, the instability was studied exten-
sively at Rensselaer Polytechnic Institute in the early
1950s by Professor Robert H. Scanlan and his group.
The instability remained of academic interest until
1960 when it became of practical concern following
the loss of two Lockheed Electra aircraft in fatal acci-
dents.  Extensive studies were conducted in the TDT
on a 1/8-scale, full-span, dynamic aeroelastic model of
the subject aircraft (fig. 55) as part of a national inves-
tigation into identifying the cause of the accidents.  The
TDT studies showed that propeller whirl flutter was
possible if the engine support stiffnesses were suffi-
ciently reduced, say due to damage (refs. 102-103).
The initial propeller whirl flutter analyses were also
developed at this time (refs. 104-105).  Following
wind-tunnel tests of the Electra model, a more general
investigation of propeller whirl flutter was initiated
with the aim of identifying and studying the pertinent
parameters influencing the phenomenon and to obtain
data for verifying analyses.  The first study (ref. 106)
involved a model of an isolated propeller/pylon/engine
system mounted with flexibility in pitch and yaw on a
rigid sting support structure (fig. 56).  The second
study (ref. 107) employed the propeller of reference
106 mounted on a cantilever semispan wing (fig. 57) to
determine the effects of a flexible wing on whirl flutter.
Reference 107 also extended the analyses of references
104-105 to include the fundamental bending and tor-
sion degrees of freedom of the wing.

Tests of the Electra model, and the ensuing whirl
flutter tests of propeller/pylon and propel-
ler/pylon/wing components from the complete model,
were the first significant series of flutter tests of a real
aircraft to be conducted in the newly-constructed TDT.
The experimental studies on the Electra model clearly
identified propeller whirl flutter as the most likely cul-
prit in the accidents and pointed the way to the neces-
sary structural changes that needed to be made in the
aircraft to preclude whirl flutter.  These studies also
established the initial credibility of the TDT as a
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unique national facility for testing large flutter models.
The experimental and analytical studies conducted on
isolated components from the Electra model resulted in
a wealth of new information on important design pa-
rameters influencing the whirl flutter phenomenon and
established in the open literature a large database for
validation of analyses.

Whirl Flutter of Flapping-Blade Propellers

Several V/STOL aircraft concepts based on the use
of propellers having blades which had a hinge at their
root to permit flapping motion out of the plane of rota-
tion were proposed as research vehicles in the 1960s,
some reaching flight test status.  These included the
Grumman proposal in the Tri-Service VTOL Transport
Competition, the Vertol VZ-2 built for the Army, and
the Kaman K-16B amphibian built for the Navy.  Be-
cause of the attention that was being directed to pro-
peller whirl flutter, it became of interest to consider the
manner in which whirl flutter might be altered by the
use of hinged blades (ref. 108).  Experimental studies
using small models (all having propeller diameters of
about one foot) were conducted by researchers in gov-
ernment, industry, and academia.  These studies
showed that either backward or forward whirl flutter
could occur for propellers having blades with flapping
hinges, in contrast to propellers with fixed blades that
flutter only in the backward whirl mode.  In parallel
with these experimental studies, several researchers
extended conventional propeller whirl flutter analyses
to include the blade flapping degree of freedom.  The
whirl flutter equations for propellers with hinged
blades developed by Richardson and Naylor (ref. 109)
appeared in the open literature at about this time and
were used by several researchers, including those in
AB.  However, none of the analyses that were devel-
oped was able to successfully predict the forward whirl
instabilities that were obtained experimentally (ref.
110).

The low-speed model tested and studied by AB re-
searchers is shown in figure 58.  It consisted of a
windmilling propeller mounted on a spring-restrained
rod that could rotate in pitch and yaw about a set of
gimbal axes behind the propeller.  The (symmetric)
stiffness could be controlled by varying the tension in a
spring connected axially at the other end of the rod.
Each blade was attached to the hub by means of two
pins, such that when both pins were in position the
blades were fixed (fig. 58a); and when one of the pins
was removed the other pin became a flapping hinge
(fig. 58b).  The hub geometry was such that hinge off-
sets of 8% and 13% could be set.  Testing was con-
ducted in both a working model of the Langley Full-
Scale Tunnel and the Langley 12-foot Low-Speed
Wind Tunnel. Analysis predicted the backward whirl

flutter that occurred for the fixed and 13% hinge offset
cases but failed to predict the forward whirl flutter that
occurred for the 8% hinge offset case.  Similar diffi-
culties were being experienced by other researchers in
predicting forward whirl flutter on their models.  The
inability of analyses to predict the forward whirl flutter
behavior observed in tests of these model propellers
caused considerable dismay in the analysis community.
This concern was formally expressed by Eugene Baird
of Grumman Aircraft at a meeting of the Aerospace
Flutter and Dynamics Council in November 1969.  In
prepared comments made to the Council summarizing
the state of affairs, Baird questioned whether proprotor
whirl flutter could be predicted with confidence and
asked that NASA-Langley look into the issue.  The
predictability question was settled in 1971 by tests
conducted in the TDT using a research configuration of
a Grumman tiltrotor model, the results of which are
discussed in a later section.

Whirl Flutter of Turbofan Engines

 In the mid-1960s, high-bypass-ratio turbofan jet
engines were being developed for the Boeing 747 and
Lockheed C-5A.  These engines are characterized by a
large-diameter ducted fan ahead of the engine nacelle.
Because of the large gyroscopic and aerodynamic
forces acting on the fan, it was thought that a flexibly
mounted engine could be susceptible to whirl-type in-
stability analogous to propeller whirl flutter.  Prelimi-
nary studies to explore the possibility of whirl flutter in
such engines were conducted by AB researchers in
1966-68.  The initial studies used the low-speed model
shown in figure 59.  The model employed a wind-
milling fan inside a duct that was mounted on a sting
and elastically restrained with freedom to oscillate in
pitch and yaw about a set of gimbal axes located be-
hind the fan.  A range of duct chord-to-diameter ratios,
restraint stiffnesses, and gimbal axis locations were in-
vestigated experimentally (in the Langley 12-foot Low-
Speed Wind Tunnel) and the results compared with
analysis.  Static and dynamic stability derivatives of
importance to whirl flutter were also measured.  An
existing three-dimensional theory for computing the
static derivatives of ducted propellers at angle of attack
was extended under contract to include the calculation
of the important dynamic derivatives.  The resulting
quasi-static analysis using measured derivatives was
found to give good agreement with the measured insta-
bility boundaries.  The results of this investigation are
summarized in a Langley internal report (Rao, K. V.
K.: A Preliminary Investigation of Whirl-Flutter Char-
acteristics of High By-Pass Ratio Ducted Fan-Jet En-
gines.  LWP 523, 1967).

Some limited testing was conducted later by the
second author in the Langley 8-foot Transonic Pressure



American Institute of Aeronautics and Astronautics
17

Tunnel using the high-speed engine model shown in
figure 60 to measure the static stability derivatives at
full-scale Mach numbers.  The engine was mounted on
a six-component balance that was attached to the end
of a cantilevered wing.  A balsa wood aerodynamic
fairing fixed to the wing tip surrounded the balance and
its fittings.  The extended theory mentioned above and
the derivatives measured on the high-speed model were
applied to a typical set of full-scale nacelle parameters
but using a reduced value of nacelle-pylon support
stiffness to approximate a partially failed structural
condition.  The calculated stability boundaries, taken
from reference 111, are shown in figure 61.  The ve-
locities associated with the two instability boundaries,
whirl flutter and static divergence, are shown in the
figure as a function of cowl-length-to-diameter ratio.
In spite of the lowered support stiffness assumed in the
calculations, both stability boundaries are at relatively
high velocities.  These results suggested that whirl
flutter of high-bypass-ratio fan-jet engines as (then)
being planned for the 747 and C-5A should not be a se-
rious problem.  The results also indicated that relatively
simple whirl flutter analyses using measured stability
derivatives are probably adequate.

Tiltrotor Aeroelastic Research

Preparatory Remarks

A number of essential aeroelastic analyses have
been developed and implemented into computer pro-
grams by Aeroelasticity Branch researchers, either in
support of the tiltrotor testing in the TDT or as part of
broader studies being conducted by the Branch.  Be-
cause several of these programs will be mentioned by
name and results obtained from them will be shown in
this section of the paper, a brief summary of these
aeroelastic analyses is appropriate before beginning
discussion of the tests.  In addition, due to the signifi-
cant role played by proprotor-induced aerodynamic
forces on all facets of tiltrotor aircraft stability, a brief
comment on these forces here would aid in under-
standing the stability results to be presented.

Aeroelastic Analysis Development: The develop-
ment of tiltrotor aeroelastic analyses at AB has pro-
ceeded along the lines indicated in table 2.  Most of the
analytical work encompassed the periods during which
testing was being conducted in the TDT.  The initial
phase of the analytical development (1970-72) was in-
tended to support the experimental work being done in
the TDT at that time in support of what would become
the XV-15, as well as to serve as part of a Ph.D. dis-
sertation (ref. 112).  The second phase (1973-74) in-
volved some enhancements and extensions to the codes
developed during the initial phase as a prelude to the

phasing out of this research area by the Branch.  Sev-
eral major extensions and enhancements to the stability
code were made in the period 1984-85 to provide
analysis support both during and after the tests con-
ducted on a V-22 flutter model in the TDT.  The latest
phase of aeroelastic analysis development began in
1991.  The development during 1991-93 was primarily
intended for a Ph.D. dissertation (ref. 113).  However,
this analytical work was continued, and several other
analyses were initiated later, in support of the new
tiltrotor research program initiated within the AB in
1994.

Programs PRSTAB1 - PRSTAB9 are a series of
linear stability analysis codes of increasing dynamic
and aerodynamic complexity in the rotor modeling, all
of which are based on a lumped mass-spring-damper
representation of the wing structure.  The analysis on
which PRSTAB6 is based is described in reference
112.  HFORCE1 is a code for computing rotor oscilla-
tory force and moment derivatives due to shaft pitching
oscillations.  GUST1 is a version of HFORCE1 that in-
cludes a vertical sinusoidal gust in the computation of
the rotor hub oscillatory inplane shear forces.
ROTDER1 - ROTDER4 are codes for computing rotor
oscillatory flapping derivatives due to shaft pitching
oscillations.  The analytical bases of programs
HFORCE1 and ROTDER4 are described in reference
112.  The lumped parameter model of the wing in
PRSTAB9 was replaced by a modal model in 1984 and
the new program called PASTA1 (Proprotor Aeroelas-
tic STability Analysis, version 1.0).  PASTA2 and 3
were extensions of PASTA1 to include first a blade
coning hinge (1984) and then an airplane rigid-body
stability analysis capability (1985).  A PC version of
PASTA3 was developed in 1987.  Several upgrades of
the PC version of the code were made in 1995-96.
Major enhancements made at that time include: engine
gyroscopic effects, improved treatment of airframe
support springs for representing spring-supported
wind-tunnel models, addition of a five-degree-of-
freedom drive system dynamic model, provision for
reading in externally-computed (MSC/NASTRAN)
quasi-steady generalized aerodynamic force matrices
for the wing elastic modes, and the QZ algorithm for
solving the generalized matrix eigenvalue problem.
PASTA4.1 is the most recent version of the code that is
available for public distribution.  This is also the ver-
sion that is typically used in AB.  A MATLAB version
of PASTA4.1 was developed in 1998.

PASTA4.1 is a code for the aeroelastic and rigid-
body stability analysis of a tiltrotor aircraft in the air-
plane mode of flight.  The analysis is based on a ten-
degree-of-freedom linear mathematical model of the
rotor and drive system.  The rotor is assumed to be
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windmilling (i.e., non-thrusting) but perturbations in
the rotor rotational speed can be mechanically coupled
to the airframe through the torsional dynamics of the
drive system.  The blades are assumed to undergo rigid
flapping motion due to both the gimbal action of the
hub and an offset coning hinge.  The blades are also as-
sumed to execute rigid lead-lag motion about a virtual
lag hinge.  Quasi-steady strip-theory aerodynamics is
employed for the blade airloading.  Compressibility ef-
fects are introduced using a Ribner Mach number cor-
rection that is applied to the blade lift curve slope.  A
modal representation is employed for the airframe (up
to ten modes).  Either full-span or semi-span configu-
rations can be treated.  The aerodynamic forces acting
on the airframe rigid-body modes are expressed in
terms of stability derivatives.  No airloads are assumed
to be acting on the wing elastic modes.   Stability is
determined by examining the eigenvalues that are ob-
tained by solving the system equations as a matrix ei-
genvalue problem.

UMARC/G is a general-purpose aeroelastic analy-
sis applicable to tiltrotor aircraft operating in the heli-
copter, conversion and airplane modes of flight that
was the subject of a Ph.D. dissertation (ref. 113).  It is
an extensive modification of a helicopter analysis
called UMARC (University of Maryland Advanced
Rotorcraft Code) developed at the University of Mary-
land.  A finite-element methodology using anisotropic
beam elements is employed for structurally modeling
the rotor blades and the wings.  Quasi-steady aerody-
namics are assumed for the wing airloading.  Either
quasi-steady or Leishman unsteady aerodynamics can
be employed for the blade airloads.  The rotor wake
can either be prescribed or treated as a free-wake using
either the Scully or Baigai wake models.  The resulting
nonlinear equations are linearized about a trim solution
that is calculated using a time-finite-element method.
Stability is determined by solving for the eigenvalues
of the matrix that results by applying either the con-
stant coefficient approximation or Floquet theory to the
linear perturbation equations with periodic coefficients.
Blade loads can also be calculated as part of the trim
solution.  UMARC/G is currently being extended as
part of a Ph.D. investigation to include aerodynamic
interaction effects between the rotor and the wing, and
a drive train dynamics model including the rotor speed
perturbation (ref. 114).  UMARC/S is the Sikorsky
Aircraft version of UMARC/G that has been modified
to analyze the variable diameter tiltrotor (VDTR), a Si-
korsky concept aimed at improving the tiltrotor’s per-
formance in the helicopter and airplane modes of flight
(refs. 115-116).

MBDyn is a multi-body code that is under devel-
opment at the Dipartimento di Ingegneria  Aero-

spaziale of the Politecnico di Milano, Italy.  MBDyn is
intended to be a general-purpose tool for the multi-
disciplinary analysis of complex aerospace systems.
Extensions of the analysis and the code to tiltrotor con-
figurations were begun by a Ph.D. candidate from the
university while he was in residence at AB during the
summer of 1998.  Since that time, a number of appli-
cations of that code have been made to the Wing and
Rotor Aeroelastic Testing System (WRATS) testbed
(refs. 117-119).

Rotor-Induced Aerodynamic Forces: Distur-
bances occurring in flight can, depending on their fre-
quency content, excite either the elastic or rigid-body
modes of an aircraft in an oscillatory manner.  For a
tiltrotor aircraft, any motions of this type effectively
represent oscillatory motions of the proprotor shaft in
space.  This leads to proprotor-generated forces and
moments that are a function of these oscillatory mo-
tions (ref. 112).  Figure 62 shows the perturbation rotor
aerodynamic forces acting on an aircraft executing
small pitching and yawing motions when operating in
an airplane mode of flight.  From the position of these
forces on the aircraft, it is clear that the forces shown
can influence aircraft longitudinal and lateral-
directional stability.  However, the shear forces H and
Y can, quite independently of any rigid-body motions,
also destabilize the proprotor-pylon-wing system aero-
elastically.  In fact, it is precisely these forces that are
the drivers for proprotor-pylon whirl flutter.  Propeller
whirl flutter, on the other hand, is driven by aerody-
namic cross-stiffness moments.  A discussion of these
and other important differences in the aeromechanical
behavior of propellers and proprotors is given in refer-
ence 112.

Bell Model 266

In 1965, the U. S. Army started the Composite Air-
craft Program with the objective of producing a rotary-
wing research vehicle combining the characteristics of
an airplane and a helicopter.  Bell Helicopter Company
proposed a tiltrotor design designated the Model 266
(fig. 63) and was awarded one of the two exploratory
definition contracts which were let under the program.
The design features a three-bladed proprotor with
highly-twisted blades that are rigidly attached to a hub
assembly that is gimbal-mounted to the mast.  Hub
flapping restraint is employed to increase control
power when operating in the helicopter mode.  Three
degrees of precone is built into the pitch axis of each
blade to ensure blade pitch-lag stability.  The proprotor
is designed so that the blade lowest inplane natural fre-
quency remains well above the rotor rpm over the en-
tire operating range, thus precluding mechanical
(ground resonance) instability.  The blades have a
built-in structural twist of –27.7º.  A blade root cuff
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extending from the hub to 30% blade radius  results in
an overall aerodynamic twist of –43.5º.  Blade kine-
PDWLF� �PHFKDQLFDO�� SLWFK�IODS� FRXSOLQJ� � 3) is em-

ployed to reduce flapping in maneuvers and gusts when
operating in the airplane mode of flight.  Positive pitch-
IODS�FRXSOLQJ��QHJDWLYH� 3) was selected for the Model

266 rather than the more conventional use of negative
SLWFK�IODS�FRXSOLQJ��SRVLWLYH� 3) to preclude blade flap-

lag instability (ref. 120).  The value of positive pitch-
IODS� FRXSOLQJ� XVHG� RQ� WKH� 0RGHO� ���� � 3 = –22.5º)

lowers the blade rigid-body flapping frequency below
one-per-rev (1P), and as the inflow angle increases
with airspeed the frequency is further decreased.  This
ensures an adequate separation of this mode from the
blade inplane mode whose frequency is also decreasing
with airspeed, thus preventing the coupling necessary
for a flap-lag instability. The Model 266 wing is de-
signed to be soft in bending (the fundamental cantile-
vered vertical and fore-and-aft bending (beam and
chord) mode frequencies are below 1P) but stiff in tor-
sion (torsion mode frequency is above 1P).

   A 1/7.5-scale semi-span model that is a dynamic
and aeroelastic representation of the Model 266
proprotor, pylon and wing was built by Bell in support
of their studies. When the program was terminated in
1967, the model was given to the Aeroelasticity Branch
by the Army.  Both NASA and Bell were interested in
continuing the experimental work initiated by Bell with
the model to further define the aeroelastic and dynamic
characteristics of proprotor-type aircraft.  This common
interest led to a joint NASA/Bell investigation in the
TDT of proprotor stability, dynamics, and loads using
the model in September 1968.  The model is shown in
airplane and conversion modes in figures 64 and 65,
respectively.  The model was Froude-scaled for opera-
tion in air and could be run with the proprotor either
powered or windmilling.  The model proprotor has a
diameter of 5.1 feet.  For windmillling operation the
rotor rpm was controlled remotely by adjusting blade
collective pitch.  The rotor was disconnected from the
drive train when windmilling to reduce wear on the
bearings.  A close-up view of the pylon with its spinner
and aerodynamic fairings removed is shown in figure
66.  Scale factors pertinent to the model are given in
table 3.  Since the high-speed (airplane) mode of flight
is critical insofar as proprotor-pylon instability is con-
cerned, most of the effort was devoted to investigating
the airplane mode of flight with the pylon fully con-
verted forward and the airflow passing axially through
the rotor.

 Some results pertaining to stability and gust re-
sponse while operating in an airplane mode with a
windmilling proprotor are shown in figures 67-71,

where equivalent full-scale values are given.  The ef-
fects of several system parameters on stability over the
design rpm range of the Model 266 are shown in figure
67.  The calculated stability boundaries shown were
obtained using program PRSTAB6.  Figure 67 shows
that, with respect to the stability boundary of the refer-
ence configuration, altitude is stabilizing, increased
pylon yaw flexibility is destabilizing, and both hub
flapping restraint and wing aerodynamics are stabiliz-
ing.  The wing beam mode (consisting primarily of
wing vertical bending) was the system mode that went
unstable in all of the cases shown.   Figures 68 and 69
provide an indication of the relative degree to which
stability of the wing beam mode is affected by rotor-
induced aerodynamic forces and wing aerodynamics.
The calculated results were computed using program
PRSTAB8.  Figure 68 illustrates the dominant role
played by rotor aerodynamic forces in the balance of
forces leading to flutter of the proprotor-pylon-wing
system.  Figures 68 and 69 show that wing aerody-
namic forces have only a slight stabilizing effect.  The
calculated results in figure 69 also show the stabilizing
effects of blade inplane flexibility.  The sharp rise in
the damping at about 170 kt in figure 69 is associated
with the coupling of the blade inplane (lag) bending
mode with the wing vertical bending (beam) mode.
The dynamic response characteristics of the model due
to excitation by a vertical sinusoidal gust that was gen-
erated by the TDT airstream oscillator (fig. 5) were
also studied.  The measured variation of gust-induced
angle of attack versus vane oscillation frequency is
shown in figure 70, where the quantities have been
normalized as indicated to make them independent of
vane amplitude and airspeed.  These data were meas-
ured using a flow direction transmitter that was
mounted at the upstream end of a boom extending from
the nose of the model as seen in figure 65.  Some re-
sults showing the variation of wing vertical bending
moment with gust frequency for the rotor-on and rotor-
off conditions are shown in figure 71.  Calculated re-
sults were obtained with program GUST1 using the
gust curve of figure 70.  It is clear that proprotors oper-
ating at advance ratios typical of airplane mode flight
are quite sensitive to vertical gusts.

The results of this wind tunnel investigation as well
as companion analytical studies that were conducted
are described in references 112, 121, and 122.  Refer-
ence 112, in particular, contains the results of an exten-
sive analytical parametric investigation into the effects
of several important system design parameters on sta-
bility.

Bell Model 266 - Folding Proprotor Variant

A joint NASA/Bell/Air Force test was conducted in
the TDT in January 1970 to investigate any potential
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problem areas associated with the folding proprotor
variant of the tiltrotor concept.  The model used in this
study was the same model employed in the previous
investigation, but modified to include a collective drive
motor that permitted rapid feathering and unfeathering
of the proprotor and a manually adjustable blade fold-
ing hinge (figs. 72 and 73).  The main objectives of the
test were to investigate stability in the airplane mode of
flight at low (including zero) rotor rotational speeds,
during rotor stopping and starting, and during blade
folding.  The rotor was unpowered for this test.  The
stability boundary obtained for one of the configura-
tions tested is shown in figure 74, where equivalent
full-scale values are shown.  The variation of flutter
airspeed with rotor rpm as rpm is reduced from its
maximum design value to zero is shown.  As indicated
in the figure, the model experienced several different
modes of instability as rpm was reduced.  The instabil-
ity experienced at low and zero rpm was unexpected as
no pretest predictions were made at those rpm.  Based
on analytical studies conducted after the test to gain an
understanding of the phenomenon, it was concluded
that blade precone was the primary cause of the insta-
bility (refs. 112, 122).  The subcritical response
through flutter for the 172 rpm condition is shown in
figure 75 where, in addition to the measured wing
beam mode damping and frequency, the calculated
variation of both the wing beam and low-frequency
rotor flapping modes is shown.  These results indicate a
changeover from a dominant (least stable) wing beam
mode to a dominant (least stable) rotor flapping mode
as airspeed is increased.  The effect of the blade flap-
ping degree of freedom on stability is illustrated in fig-
ure 76, which compares the wing beam mode damping
versus airspeed at 300 rpm for flapping locked and
unlocked.  Stability calculations were made using pro-
gram PRSTAB6.

The variation of steady-state one-per-rev blade
flapping response with rotor rotational speed for a
(nominally) constant shaft angle-of-attack is shown in
figure 77.  These data were taken to establish a steady-
state flapping response baseline for evaluating the tran-
sient flapping response during the rotor feathering por-
tion of the test (ref. 123).  The calculated results shown
were obtained using program ROTDER4.  The peak in
the flapping response occurs when the rotor rotational
speed is in resonance with the blade flapping natural
frequency in the rotating system.

Bell Model 300-A1A

In 1968, Bell Helicopter initiated an in-house de-
velopment program for a tiltrotor aircraft designated
the Model 300 that would ultimately evolve into the
XV-15. This design, like the Model 266, features a
three-bladed proprotor with highly-twisted blades that

are rigidly attached to a hub assembly that is gimbal-
mounted to the mast.  Hub flapping restraint is em-
ployed to increase control power when operating in the
helicopter mode.  Blade precone is 2.5º and 3 = –15º.

The blade first inplane natural frequency again is well
above the rotor rpm, thus precluding ground resonance
instability.  The cantilevered wing beam and chord
mode frequencies are well below 1P but the torsion
mode frequency is only slightly below 1P.  In support
of this aircraft design activity, Bell designed and built a
1/5-scale, full-span dynamic aeroelastic model for
testing on a vertical rod mount in the TDT.  The model
was Froude scaled for air because of testing that was to
be conducted in the LTV Low-Speed Wind Tunnel be-
fore coming to the TDT for flutter clearance testing.
However, the model was sized so that it would also be
Mach scaled when tested in R-12 (recall discussion in
Model Scaling Considerations section). The model
proprotor had a diameter of five feet.  Scale factors for
the model are given in table 4.

The Bell Model 300-A1A was tested in the TDT in
August 1970 (fig. 78).  This test was intended to be the
required flutter clearance demonstration for the aircraft
over its simulated flight envelope.  However, unex-
pectedly poor lateral-directional flying qualities exhib-
ited by the model during the test precluded the conduct
of a flutter clearance test.  The test convinced Bell to
change the design of the tail from a single-vertical-tail
configuration to an H-tail configuration (ref. 124).

Grumman Helicat

A joint NASA/Grumman investigation of a 1/4.5-
scale semi-span model (fig. 79) of a Grumman tiltrotor
design called Helicat was conducted in two entries in
the TDT during February/March 1971. The Helicat de-
sign featured a stiff (strut-supported) wing that resulted
in the wing beam, chord and torsion mode frequencies
all being well above 1P.  The three-bladed proprotor
had blades with 5% offset flapping hinges and positive

3 (30º).  The blades were also stiff-inplane so that

their first inplane natural frequency was well above
rotor rpm.  The model was targeted for flutter clearance
testing in the TDT and thus was Mach scaled for R-12.
However, the model was sized so that it would also be
Froude scaled if tested in R-12 (recall discussion in
Model Scaling Considerations section).  The model
proprotor had a diameter of 4.9 feet.  Scale factors for
the model are listed in table 5.

A blade flap-lag instability that destroyed one blade
and damaged another occurred unexpectedly during an
early checkout run of the model in air.  It was found
that the model blades were considerably softer inplane
than expected and this, in combination with the value
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RI� SRVLWLYH� 3 used, led to a coalescence of the blade

flap and lag natural frequencies with increasing air-
speed and the resulting instability (ref. 120).  The
PRGHO� ZDV� UHSDLUHG�� WKH� GHVLJQ� YDOXH� RI� 3 reduced

from +30º to +20º, and a flutter clearance test con-
ducted in the second (March) entry without incident
(ref. 125).

 During the second entry, an off-design research
configuration of the model (fig. 80) was employed in
an extensive investigation of proprotor whirl flutter.
This portion of the test was aimed at establishing the
whirl flutter database needed to respond to Gene
Baird's 1969 challenge of resolving the whirl flutter
predictability issue.  A range of pylon pitch and yaw
stiffnesses, blade hinge offsets, and blade kinematic
pitch-flap couplings were investigated over a wide
range of windmilling advance ratios in air.  To obtain
flutter at low tunnel speeds, a reduced-stiffness pylon-
to-wing-tip restraint mechanism (fig. 81) that permitted
independent variations in pylon pitch and yaw stiffness
was employed.  The restraint was sufficiently soft so
that the wing was effectively rigid.  Fifty cases of for-
ward whirl flutter and 26 cases of backward whirl flut-
ter were clearly identified (ref. 126).  Some whirl flut-
ter results from reference 126 showing the effect of
SLWFK�IODS� FRXSOLQJ� � 3) on stability of a symmetric

pylon configuration are given in figure 82, where the
flutter advance ratio, VF /�5�� LV� SORWWHG� YHUVXV� S\ORQ
frequency nondimensionalized by the rotor speed.  For
the cases shown, all flutter occurred in the forward
whirl mode, except for the two points denoted by the
solid symbols, which were in the backward whirl
mode.  The calculated results were obtained using pro-
gram PRSTAB5.  The measured whirl flutter charac-
teristics (flutter speed and frequency, direction of pylon
whirl, and pylon yaw-to-pitch amplitude ratio and
phase angle) were in excellent agreement with predic-
tions from two different four-degree-of-freedom linear
stability analyses (PRSTAB5 and ref. 109) for all of
the configurations tested (ref. 126).  This study clearly
demonstrated that proprotor whirl flutter, both back-
ward and forward, can be predicted with confidence
using linear analyses based on relatively simple math
models and quasi-steady strip-theory aerodynamics for
the blade airloads.

Aerodynamic Test of Bell Model 300-A2A

A joint NASA/Bell investigation employing a 1/5-
scale full-span sting-mounted aerodynamic (force)
model of the Bell Model 300 with the new H-tail (des-
ignated the Model 300-A2A) was conducted in the
TDT in August 1971 for the purpose of determining the
longitudinal and lateral static stability and control char-
acteristics and establishing the effect of the proprotors

(windmilling only) on the basic airframe characteris-
tics.  The model is shown in figure 83.  The rotors used
on this model were the same ones used on the aero-
elastic model.  Use of R-12 permitted testing at full-
scale Mach numbers and near full-scale Reynolds
numbers (ref. 124).  Blade flapping was measured in
both air and R-12 for several values of tunnel airspeed
over a range of sting pitch angles.  The resulting flap-
ping derivatives are shown in figure 84.  Since the
range of inflow (advance) ratios over which the de-
rivatives were measured was the same in air and R-12,
and the test medium density at the simulated condition
was about the same, an indication of the effects of
Mach number on the flapping derivatives can be ob-
tained by comparing the air and R-12 results.  The drag
rise associated with operating at high Mach numbers is
seen to reduce flapping as Mach number is increased.
The calculated results shown were obtained using pro-
gram ROTDER4.

Flutter Clearance Test of Bell Model 300-A2A

The 1/5-scale full-span rod-mounted aeroelastic
model of the Bell Model 300 with the new H-tail was
tested in the TDT in March 1972 (fig. 85).  The objec-
tive of the test was to demonstrate that the design had
the required flutter margin of safety and to confirm that
the aircraft rigid-body modes were adequately damped
over the simulated flight envelope (ref. 127).  Aero-
elastic and flight mode stability were assessed in both
R-12 and air over the simulated flight envelope with
windmilling proprotors.  The Model 300 was shown to
be flutter free up through the 1.2 VL requirement of the
aircraft and to exhibit good flight mode stability be-
yond the VL requirement of the aircraft.  A cursory in-
vestigation of the autorotational characteristics of the
model was also conducted (fig. 86).

During this test, the importance of rotor "thrust
damping" (forces T in figure 62) on stability of the
Dutch Roll mode was dramatically demonstrated when
the rotor interconnect shaft broke and the model went
into a violent Dutch Roll instability.  Tiltrotor aircraft
employ an interconnect shaft between the two ro-
tor/engine systems so that in the event of an engine
failure either engine may drive both rotors.  The inter-
connect shaft also maintains synchronization of the
rotor speeds during any aircraft motions.  This means
that yawing motions of the aircraft generate perturba-
tion lift forces that tend to damp the yawing motion, as
indicated in figure 62.  If this synchronization is lost
due to a failed interconnect shaft this damping is lost.
The Dutch Roll stability boundary of the model was
mapped in air with the interconnect shaft engaged and
disengaged to assess the effect of thrust damping.  The
results are illustrated in figure 87, which shows the
variation in the damping of that mode with tunnel air-
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speed for each of those two cases.  The substantial
contribution of thrust damping to total damping is quite
apparent.

In 1973, NASA and the Army selected Bell to de-
sign and build two tiltrotor research aircraft (to be later
named the XV-15) based on the Model 300-A2A de-
sign.  Roll out of the first aircraft occurred in 1976.
First flight took place in 1977.  The XV-15 (fig. 88)
has been an extremely successful research aircraft.
Both aircraft are still being used extensively today.
The long-term success of the XV-15 tiltrotor, both as a
technology demonstrator and as a flight research air-
craft, went a long way toward establishing the technical
confidence and expertise for proceeding with the de-
velopment of the V-22.  Indeed, it is probably fair to
say that if there had not been an XV-15, there would
not now be a V-22.

Bell/Boeing JVX (V-22)

A 1/5-scale dynamically and aeroelastically scaled
semi-span model (fig. 89) of first a preliminary design
and then an updated version of the Bell/Boeing JVX
(V-22) was tested in two entries in the TDT during
February and June of 1984.  The V-22 design features a
three-bladed proprotor with highly-twisted blades that
are attached via coning flexures to a hub assembly that
is mounted to the mast with a constant-velocity joint
that eliminates two-per-rev torque oscillations of the
drive shaft.  Hub flapping restraint is employed to in-
crease control power when operating in the helicopter
mode.  Blade precone is 2.5º and 3 = –15º.  The

blades are stiff inplane so that their lowest inplane
natural frequency is above the rotor rpm and remains
well separated from the first and second harmonics of
the rotor rotational speed.  The cantilevered wing beam
and chord mode frequencies are well below 1P while
the torsion mode frequency is only slightly above 1P.
The semi-span model was the right half of the full-span
model that was designed and built by Bell for testing in
the Boeing V/STOL Wind Tunnel.  For this reason, the
model was Froude scaled for air.  However, like the
earlier model of the XV-15, the V-22 model was sized
so that it would also be Mach scaled when tested in R-
12 (recall discussion in Model Scaling Considerations
section).  The model proprotor has a diameter of 7.6
feet.  Scale factors for the model are listed in table 6.

The main objective of the TDT tests was to confirm
predicted stability in the high-speed airplane mode of
flight and to provide data for correlation with the aero-
elastic stability analyses being used by the contractors
in their preliminary design work.  Testing was con-
ducted in both R-12 and air.  The model was tested in

both powered and unpowered conditions.  However,
most of the testing in the airplane mode of flight was
done with a windmilling proprotor.  A variety of con-
figurations were tested and analyzed.  Parameters
which were varied included pylon-to-wing locking (on
and off downstop), rotor rpm, blade pitch-flap coupling
� 3), hub flapping restraint, and wing and blade stiff-

ness distributions.  Several configurations of the model
with an updated hub design that had offset coning
hinges in addition to the gimbal were tested in the sec-
ond entry.  Some illustrative results from the first entry
are presented in figures 90 and 91 as the variation with
airspeed of the calculated and measured damping and
frequency of the three lowest wing modes which are of
importance to stability of the rotor-pylon-wing system.
The wing beam mode (primarily wing vertical bending)
is seen to be critical (lowest flutter speed) for the case
shown in figure 90 while the wing chord mode (pri-
marily fore-and-aft wing bending) is critical for the
case shown in figure 91.  The wing torsion mode was
not critical for any of the configurations tested in either
of the entries.  The "peaks" which are evident in the
calculated damping curves for the wing beam and
chord modes in both of the cases shown are due to the
coupling of those modes with the blade lag (inplane
bending) mode as velocity is increased, as can be seen
by inspection of the plots showing the variation of the
modal frequencies with airspeed.  The calculated re-
sults shown were obtained with PASTA1.

Data of the type shown in figures 90 and 91 were
obtained for all of the configurations tested in both of
the entries.  The PASTA code (initially version 1.0 and
later 2.0) was used extensively during the tests and
comparisons made with measured subcritical damping
variation with airspeed up to instability.  The demon-
strated accuracy of the PASTA code in these compari-
sons prompted Bell to use the program extensively
during the preliminary design phase of the V-22.  Since
that time, the code has been used in government, in-
dustry, and academia for a variety of tiltrotor studies.

The experimental results obtained during the V-22
model tests are documented in internal company re-
ports.  A concise summary of the tests may be found in
reference 128.

WRATS Tiltrotor Testbed (1995- )

The 1/5-scale aeroelastic model, which was used by
the V-22 contractors to support the preliminary and
full-scale design phases of the aircraft, had a long and
distinguished test history (ref. 129).  Upon completion
of that series of tests, the Navy transferred the compo-
nents for the right-half semi-span configuration of the
model to NASA-Langley under an indefinite-loan
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agreement to be used as the experimental testbed for a
new tiltrotor aeroelastic research program that was ini-
tiated at AB in 1994.  The tiltrotor testbed (fig. 92) was
designated the Wing and Rotor Aeroelastic Testing
System (WRATS).

The focus, general scope, and initial elements of the
new AB tiltrotor research program were laid out in
collaboration with Bell Helicopter Textron, Inc.
(BHTI), with due regard to NASA’s Short Haul Civil
Tiltrotor Program that was being planned at the time.
It was agreed that the program would focus on those
aeroelastic areas that were identified as having the po-
tential for enhancing the commercial viability of tilt-
rotor aircraft.  In particular, considerable emphasis was
to be directed to the development and evaluation of
modern adaptive control techniques for active vibration
control and stability augmentation of tiltrotor aircraft.
Attention was also to be given to the use of passive de-
sign techniques to enhance aeroelastic stability and
aerodynamic performance.

A shakedown test of the WRATS tiltrotor testbed
was conducted in the TDT in April 1995.  A chrono-
logical summary of the tests conducted to-date on the
testbed following the shakedown test is given below.
BHTI, under a Memorandum of Agreement with
NASA, was a partner in all of these tests.

August 1995: This was the first WRATS test con-
ducted in the TDT.  The objectives of the test were
twofold: (1) to establish the stability characteristics of
the baseline configuration; and (2) to evaluate a higher
harmonic control (HHC) algorithm for reducing air-
craft vibrations by actively controlling the wing
flaperon.  The test was conducted in air with a wind-
milling rotor.

The first objective of this test was to establish the
stability characteristics of the baseline model, which
had a wing spar representing the untailored wing de-
sign of the V-22.  Stability boundaries measured on the
baseline model for two different values of the wing tor-
sion natural frequency are presented in figure 93 as the
variation of rotor speed with tunnel airspeed.  The wing
torsion frequencies were varied by changing a connec-
tion spring that represented the stiffness of the py-
lon/wing downstop locking mechanism.  The figure in-
dicates that stability is strongly influenced by wing tor-
sion frequency, with a difference of only 0.2 Hz pro-
ducing a shift of about 12 knots at constant rpm.

The second objective of this test was to evaluate a
higher harmonic control algorithm called MAVSS
(Multipoint Adaptive Vibration Suppression System)
for its effectiveness in reducing vibrations in the air-

plane mode of flight by actively controlling the wing
flaperon.  MAVSS was developed by BHTI for reduc-
ing rotor-induced aircraft vibrations occurring at inte-
ger multiples of the rotor speed.  The MAVSS algo-
rithm, which operates in the frequency domain, as-
sumes that changes in aircraft vibratory responses are
linearly related to changes in control inputs through a
system transfer matrix that is identified on line.  The
deterministic controller on which MAVSS is based is
obtained by minimizing a scalar performance index
which includes the harmonic vibratory responses to be
reduced, the HHC inputs necessary to effect the reduc-
tion, and the transfer matrix describing the dynamics of
the system.  The active flaperon model hardware con-
sisted of a new, stiffer flaperon assembly which re-
placed the baseline dynamically scaled flaperons and
hangers (fig. 94).  The active flaperon was driven by a
single hydraulic actuator that was mounted on the
model splitter-plate inside the fuselage shell.  The drive
shaft between the actuator and the active flaperon ran
along the wing conversion axis where the interconnect
drive shaft would be when the model is configured for
powered operation.  Typical results obtained are illus-
trated in figure 95, which shows the 3-per-rev vibratory
wing torsion loads as a function of tunnel airspeed for
the cases in which MAVSS is off and on.  The signifi-
cant reduction in response is evident.  The corre-
sponding motions of the flaperon to achieve the load
reductions are indicated by the open circles next to the
bars.  Based on the results of this investigation (ref.
130) it was concluded that active control of an aerody-
namic surface (e.g., a flaperon) can produce the forces
required for significant vibration reduction in the mode
directly influenced by that surface.  Multiple responses
in different modes are not controlled as well by a single
actuator, as might be expected.  In all cases, the re-
quired motions of the flaperon were found to be quite
modest (± 3-deg maximum) and no degradation of
aeroelastic stability was noted during activation of
MAVSS.  The success of the active flaperon test led
the way for a 1997 flight test of a MAVSS-controlled
active elevator on the XV-15 tiltrotor research aircraft.

December 1995: The objective of this test was to
demonstrate that composite wing tailoring could be
used to improve proprotor stability.  The V-22 has a
23% wing thickness-to-chord (t/c) ratio to provide the
wing torsional stiffness required to ensure an adequate
level of proprotor-pylon-wing aeroelastic stability
within its operating envelope.  Studies conducted by
Bell as part of a full-scale composite tailored wing
study (ref. 131) indicated that by using composite tai-
loring techniques in the design of tiltrotor wings, a re-
duction in wing thickness ratio is possible while main-
taining acceptable proprotor aeroelastic stability.  A re-
duction in wing thickness would permit higher cruise
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speeds and/or increased range when operating in the
airplane mode of flight.  The WRATS testbed was se-
lected for the wind-tunnel evaluation of the composite
tailored-wing concept.  To this end, Bell designed and
fabricated a composite, elastically-tailored graphite-
epoxy model wing spar that had the scaled dynamics of
a full-scale tailored-wing design having an 18% t/c ra-
tio (ref. 131) and would be interchangeable with the
untailored spar of the baseline model (which has a 23%
t/c ratio) tested in August 1995.  Structural tailoring of
the model wing torque box was accomplished by using
unbalanced composite laminates in the model wing
spar to modify wing bending-torsion coupling.  All
testing was conducted in air with an unpowered rotor.
Some measured and predicted stability boundaries for
the baseline and tailored wings over the normal rpm
operating range of the model are shown in figure 96.
Comparison of the boundaries shows an increase of
about 30 KEAS (58 KEAS full scale) in the instability
airspeed for the tailored wing.  This represents a sig-
nificant improvement in stability for a full-scale de-
sign.  Figure 97 shows a typical variation of wing beam
mode frequency and damping with tunnel airspeed for
the tailored wing in an off-downstop configuration cor-
responding to the 84% rpm condition of figure 96.  The
calculated stability boundaries shown in both of these
figures were obtained using Bell’s ASAP (Aeroelastic
Stability Analysis of Proprotors) program.  A complete
summary of this test may be found in references 132-
133.

The tests of the baseline and tailored wings demon-
strated that proprotor aeroelastic stability can be in-
creased while reducing the t/c ratio of a wing using
composite tailoring techniques.  From a broader per-
spective, this means that composite tailoring can be
employed by the designer to increase stability, reduce
wing thickness for higher cruise speeds and improved
performance, or a combination of these.

January 1996: The August 1995 test was a suc-
cessful wind-tunnel demonstration of a MAVSS-
controlled active flaperon for reducing airframe vibra-
tions.  However, it was recognized that a broader
evaluation of MAVSS was required to validate the al-
gorithm for use as an HHC system in tiltrotor applica-
tions.  The purpose of this January test was to effect
this broader evaluation of the MAVSS algorithm. All
testing was conducted in air with an unpowered rotor.

The WRATS model was modified to incorporate an
HHC system employing both the swashplate and the
wing flaperon.  The major mechanical modifications
made to the baseline model for this test included the
replacement of the electric control actuators with high-
frequency hydraulic servo-actuators to drive the

swashplate, a new servo-controlled wing flaperon (the
same one used on the active flaperon test), and the hy-
draulic lines associated with these actuators.  Some of
the new components are indicated in figure 98.  For
convenience, the elastically tailored wing spar from the
previous test was retained.  The effectiveness of the
swashplate and the flaperon acting either singly or in
combination in reducing one-per-rev (1P) and three-
per-rev (3P) wing vibrations over a wide range of tun-
nel airspeeds and rotor rotational speeds was demon-
strated (ref. 134).  The MAVSS algorithm was found
robust to variations in tunnel airspeed and rotor speed,
requiring only occasional on-line recalculations of the
system transfer function.  No degradation in aeroelastic
stability was noted for any of the conditions tested.
The MAVSS control system, when configured to re-
duce 3P harmonics of the wing loads, was generally
able to reduce the wing beam, chord, and torsion load
components simultaneously by 85 to 95 percent over
the entire range of rotor speeds and tunnel airspeeds
considered.  Representative results are shown in figure
99.  The effectiveness of MAVSS in reducing 1P vi-
brations was also assessed.  For example, figure 100
shows the effect of MAVSS on reducing the 1P vibra-
tions associated with the small inherent imbalance in
the rotor.  Based on the success of this wind-tunnel
demonstration of MAVSS, Bell is currently preparing
to test an active vibration suppression system based on
MAVSS on the V-22.

May 1998: In 1997, a NASA/Bell team initiated a
study of Generalized Predictive Control (ref. 135) to
evaluate that method’s suitability for implementation as
an active stability augmentation system on the WRATS
model.  GPC is a time-domain predictive control
method that uses an ARX representation for the in-
put/output map of the system.  The ARX model is used
for both system identification and control design.  The
coefficient matrices of the ARX equation are the quan-
tities determined by the identification algorithm.
Closed-loop feedback control is enhanced by perform-
ing the system identification in the presence of external
disturbances acting on the system.  The coefficients of
the ARX model are assembled into a multi-step output
prediction equation, the desired (target) response is
specified, and the resulting expression is used to form a
cost function.  Minimization of the cost function leads
to an expression for the control to be applied to the
system.

As part of the GPC study, the team began evaluat-
ing a suite of MATLAB m-files for system identifica-
tion and control that were written by Dr. Jer-Nan Juang
of NASA-Langley based on the theory of references
136-138.  Following extensive numerical simulations
conducted on simple math models, and bench tests on
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the "Cobra stick model" (a 36-inch, 50-lb multiple-
degree-of-freedom lumped-mass dynamic system that
approximates the dynamics of a Cobra helicopter), the
relevant m-files were assembled into a computer pro-
gram system for active controls testing of the WRATS
model.

The initial evaluation of GPC on the WRATS
model was conducted in May 1998 during a one-week
test conducted in the AB tiltrotor hover facility in a
building adjacent to the TDT.  Emphasis of this test
was on active control of vibration using only the col-
lective control.  To provide a rigorous test of the GPC
algorithm, the open-loop response of the model was
exaggerated by running the rotor at an rpm that nearly
coincided with the natural frequency of the wing beam
mode.  Additional excitation was provided by the
downwash associated with running the rotor at a high
thrust level.  Some results illustrating the effectiveness
of GPC in reducing vibrations are shown in figure 101.   

August 1998: The objectives of this test were two-
fold: (1) to establish new baseline stability boundaries
for the WRATS model that included the hydraulic
components that had been added for active controls
testing; and (2) begin an investigation into the use of
DFWLYH� 3 DV� D� PHDQV� IRU� DXJPHQWLQJ� PHFKDQLFDO� 3.

Most of the test was conducted in air but some limited
testing was carried out in R-134a.  All testing was done
with the model in an airplane mode and a windmilling
proprotor.

Definitive stability boundaries could not be identi-
fied for the model.  The subcritical damping in the
wing beam mode varied with airspeed as expected for
speeds up to about 110 knots.  However, as tunnel air-
speed was increased further the damping did not de-
crease to zero as usual but rather leveled out at about
1% and held this value up through the maximum safe
operating speed of the model (200 knots).  This be-
havior occurred for all configurations of the model
tested.  Because the observed behavior had the charac-
ter of a limit cycle, it was thought that there might be
some mechanical interference or rubbing that was in-
troducing nonlinearity into the model.  However, ex-
amination of the model in-situ during the test failed to
identify the cause for this unusual behavior.  A closer
examination of the model after the test identified the
cause of the problem: a loose bolt in the bracket that
holds the pylon to the downstop spring.  The baseline
stability will be determined in the next scheduled entry
of WRATS into the TDT.

7KH� XVH� RI� VR�FDOOHG� �DFWLYH� 3" is being investi-

JDWHG� DV� D� PHDQV� IRU� DXJPHQWLQJ� PHFKDQLFDO� 3 in

SURSURWRUV���$FWLYH� 3 is implemented electronically by

introducing cyclic inputs to the swashplate in a manner
that introduces blade pitch-flap coupling of the appro-
SULDWH� PDJQLWXGH� DQG� VLJQ�� � $Q� HOHFWURQLF� 3 scheme

developed by Bell was investigated on the WRATS
model during this entry.  The measured flapping re-
VSRQVH� DVVRFLDWHG� ZLWK� WKH� DFWLYH� 3 met design re-

quirements.  However, the stability augmentation asso-
FLDWHG�ZLWK� XVLQJ� DFWLYH� 3 could not be defined with

confidence because of the problem noted above with
the model.  This study will be completed in the next
scheduled entry of the model into the TDT.

October 1999: A brief investigation of the use of
GPC to actively control the ground resonance behavior
of a soft inplane tiltrotor was conducted in the tiltrotor
hover facility in October 1999.  For this test, the model
blades were modified by replacing the stiff inplane
flexure at the root of each blade with a spindle incorpo-
rating a lag hinge and an adjustable viscous damper
and spring.  The open-loop behavior (frequency and
damping versus rotor rpm) of the modified model was
compared with its closed-loop behavior for several val-
ues of collective pitch and settings of the lag hinge
damping and stiffness.  A GPC-based algorithm was
used to actively control the cyclic inputs to the swash-
plate in a manner which produced a whirl of the rotor
tip-path-plane in the direction and at the frequency
needed to stabilize the critical body mode.  For the
open-loop configuration of the model in which a de-
finitive ground resonance instability was observed, use
of GPC was found to be strongly stabilizing.  In par-
ticular, damping levels of about 2% critical were noted
in the rpm range where the open-loop system was un-
stable.  While these results are quite encouraging with
respect to the viability of the method, it is recognized
that a broader evaluation of the methodology is needed
to validate GPC-based algorithms for active stability
augmentation of tiltrotor aircraft.  This evaluation will
be continued in the next scheduled entry of the model
into the TDT.

Other Work

The Variable Diameter Tilt Rotor (VDTR) is a Si-
korsky Aircraft concept for improving tiltrotor aerody-
namic performance in hover and cruise.  Over the
years, Sikorsky has performed analytical studies and
conducted wind-tunnel tests on several models to vali-
date their concept.  In support of these studies,
UMARC/S (Sikorsky’s version of UMARC/G) was
modified to allow modeling of blades with multiple
load paths, such as those associated with the bear-
ingless rotor design of the VDTR.  An example of the
ability of the code to predict torque tube and blade
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loads measured on a 1/6-scale model of the VDTR is
indicated in figure 102 (ref. 115).

Some Closing Remarks on Tiltrotor Research

The AB/TDT has a long history of propeller and
proprotor aeroelastic research.  The research has in-
cluded a broad range of experimental and analytical
studies that have made creditable contributions to the
technology base which has led to the successful devel-
opment of the XV-15 and V-22 tiltrotor aircraft.  These
studies have also contributed substantially to increased
understanding of the aeroelastic and dynamic charac-
teristics that are unique to tiltrotor aircraft.  The current
tiltrotor research program in AB is continuing this tra-
dition and is expected to play an important role in the
development of future tiltrotor aircraft such as the
Bell/Augusta BA-609 (fig. 103) and the Bell Quad Tilt
Rotor (fig. 104).

Current/Planned Tiltrotor Aeroelastic Research

Tiltrotor research in AB/TDT continues to consist
of a mixture of experimental and analytical activities.
On the experimental side, current plans call for several
tests in the TDT over the next few years.  Those cur-
rently on the tunnel schedule include: (1) A WRATS
investigation of the use of GPC for augmenting stabil-
ity in the airplane mode of flight and a further study of
DFWLYH� 3;  (2) A high-speed study of the stability and

loads of the Sikorsky VDTR rotor model on the
WRATS testbed; (3) Stability and active control testing
of a soft inplane gimbaled rotor; and (4) A semi-span
model of the Bell QTR.

On the analytical side, work is nearly completed on
the extension of UMARC/G to include rotor/airframe
interactional aerodynamics and a drive system model.
The use of Generalized Predictive Control techniques
for vibration reduction and stability augmentation will
continue to be studied.  Work will continue on im-
proving the GPC program that is currently being used
with WRATS, and on developing a recursive version of
the program to speed up on-line calculations.  It is ex-
pected that enhancements will continue to be made to
the UMARC/G and PASTA codes as appropriate to
support the in-house studies.  Development of the
MBDyn code and its application to the WRATS model
is also expected to continue in cooperation with the
University of Milan.

Concluding Remarks

This paper has presented a historical overview of
the contributions of the Langley Transonic Dynamics
Tunnel and its associated Aeroelasticity Branch to ro-

torcraft technology and development since the tunnel’s
inception in 1960.  That research has included a broad
range of experimental investigations using a variety of
testbeds and scale models, and the development and
application of essential analyses.  Based on the over-
view, it is fair to say that the TDT has had a long and
creditable history of rotorcraft aeroelastic research that
has contributed to the technology base needed by the
industry for designing and building advanced rotorcraft
systems.  In particular, studies conducted in the TDT
have contributed substantially to supporting rotorcraft
research and development programs, to identifying and
investigating aeroelastic phenomena unique to rotor-
craft systems, and to the resolution of aeroelastic
anomalies.  Building on this foundation, and with due
regard for current and planned research activities in
helicopter and tiltrotor aeroelasticity, it is expected that
this tradition of service to the nation will continue well
into the 21st century.
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Table 1.- General Aeroelastic Scale Factors Applicable to Rotorcraft Models in TDT
for Equal Lock Numbers (Mass Ratios) and Advance Ratios (Reduced Frequencies)

Mach Numbers Equal Froude Numbers Equal

Parameter General Air R-12 R-134a General Air R-12 R-134a

Length L L L L L L L L

Mass L3 L3 L3 L3 L3 L3 L3 L3 

Time /�� 57�-1/2 L T-1/2 2.23 L T-1/2 2.07 L T-1/2 L1/2 g-1/2 L1/2 L1/2 L1/2

Mach number 1 1 1 1 (/J� 57�1/2 (L/T)1/2 2.23(L/ T)1/2 2.07(L/T)1/2

Froude number (Lg)-1 � 57� L-1 T .202 L-1 T .234 L-1 T 1 1 1 1

Reynolds number / -1 � 57�1/2 / 7 -.26 �����/ -1 T1/2 ����� -1 T1/2 L3/2 -1 g1/2 L3/2 7�-.76 L3/2� -1 L3/2� -1

Force L2 � 57� L2 7 .202 L2 7 .234 L2 7 L3 J L3 L3 L3 

Speed � 57�1/2 T1/2 .449 T1/2 .484 T1/2 L1/2 g1/2 L1/2 L1/2 L1/2

Acceleration L-1 � 57� L-1 T .202 L-1 T .234 L-1 T g 1 1 1

Frequency L-1 � 57�1/2 L-1 T1/2 .449 L-1 T1/2 .484 L-1 T1/2 L-1/2 g1/2 L-1/2 L-1/2 L-1/2

Angular Accel. L-2 � 57� L-2 T .202 L-2 T .234 L-2 T L-1 g L-1 L-1 L-1

Moment, Work L3 � 57� L3 7 .202 L3 7 .234 L3 7 L4 J L4 L4 L4 

Power L2 � 57�3/2 L2 73/2 .091 L2 73/2 .113 L2 73/2 L7/2� J3/2 L7/2� L7/2� L7/2�

Moment of Inertia L5 L5 L5 L5 L5 L5 L5 L5

Pressure, Stress �� 57� 7 ����� �7 .234 7 L J / / /

Stiffness (EI,GJ) L4 � 57� L4 7 .202 L4 �7 .234 L4 7 L5 J L5 L5 L5

Scale factors equal ratio of model to full-scale values of the quantities indicated; e.g., L = LM/LF�� 57� �� 57)M��� 57�F, etc., where T = tem-
SHUDWXUH�� � �WHVW�PHGLXP�GHQVLW\��5� �JDV�FRQVWDQW�� � �YLVFRVLW\�� � �VSHFLILF�KHDW�UDWLR�IRU�JDV��DQG�J�LV�WKH�DFFHOHUDWLRQ�GXH�WR�JUDYLW\�

$LU�FRQVWDQWV�EDVHG�RQ� � ������5� ������IW2/sec2 ºR
5����FRQVWDQWV�EDVHG�RQ� � �������5� �������IW2/sec2 ºR      (95% R-12/air mixture)
5����D�FRQVWDQWV�EDVHG�RQ� � ��������5� �������IW2/sec2 ºR        (95% R-134a/air mixture)

Table 2.- Chronology of Tiltrotor Aeroelastic Analysis Development at AB/TDT
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Table 3.- Scale factors for 1/7.5-scale aeroelastic
model of Bell Model 266

Parameter
    Scale Factor
(Model/Airplane)

Froude number 1.00
Lock number 1.00
Mach number 0.365
Advance ratio 1.00
Reynolds number 0.0487
Length 0.1333
Density 1.0
Velocity 0.365
Time 0.365
Mass 0.00237
Frequency 2.738
Force 0.002369
Bending moment 0.0003157
Stiffness 0.000042095
Bending spring rate 0.01777
Torsion spring rate 0.0003157

Table 4.- Scale factors for 1/5-scale aeroelastic
model of Bell Model 300 tiltrotor

                                                    Scale  Factor
                                               (Model/Full-Scale)
         Parameter                       Air                R-12
Froude number 1.0 1.0
Lock number 1.0 1.0
Mach number 0.447 1.016
Advance ratio 1.0 1.0
Reynolds number 0.0894 0.1265
Length 0.2 0.2
Density 1.0 1.0
Velocity 0.447 0.447
Time 0.447 0.447
Mass 0.008 0.008
Frequency 2.24 2.24
Force 0.008 0.008
Bending moment 0.0016 0.0016
Stiffness 0.00032 0.00032
Bending spring rate 0.04 0.04
Torsion spring rate 0.0016 0.0016

Table 5.- Scale factors for 1/4.5-scale aeroelastic
model of Grumman Helicat

Parameter
    Scale Factor
(Model/Airplane)

Froude number 1.00
Lock number 1.00
Mach number 1.00
Advance ratio 1.00
Reynolds number 0.1047
Length 0.222
Density 1.0
Velocity 0.471
Time 0.471
Mass 0.01099
Frequency 2.12
Force 0.01099
Bending stiffness 0.0005420
Torsion stiffness 0.0005420
Bending spring rate 0.05
Torsion spring rate 0.002439

Table 6.- Scale factors for 1/5-scale aeroelastic
model of Bell/Boeing V-22 tiltrotor

                                                   Scale  Factor
                                               (Model/Full-Scale)
         Parameter                        Air              R-12
Froude number 1.0 1.0
Lock number 1.0 1.0
Mach number 0.447 1.016
Advance ratio 1.0 1.0
Reynolds number 0.0894 0.1265
Length 0.2 0.2
Density 1.0 1.0
Velocity 0.447 0.447
Time 0.447 0.447
Mass 0.008 0.008
Frequency 2.24 2.24
Force 0.008 0.008
Bending moment 0.0016 0.0016
Stiffness 0.00032 0.00032
Bending spring rate 0.04 0.04
Torsion spring rate 0.0016 0.0016
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Figure 1.- The Langley Transonic Dynamics Tunnel (TDT).

(a) Lockheed Aircraft Company helicopter testbed

(b) Bell Helicopter Company helicopter testbed

(c) Generalized Rotor Aeroelastic Model
(GRAM) testbed

(d) Aeroelastic Rotor Experimental System
(ARES) testbed

Figure 2.- Helicopter testbeds used in TDT.
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Figure 3.- Some tiltrotor models tested in the TDT.

(a) Plan view

(b) Cross-section through test section

Figure 4.- General arrangement of TDT.

Figure 5.- Sketch of TDT airstream oscillator showing
cutaway of driving mechanism.
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Figure 6.- Full-scale and model rotor performance.
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Figure 8.- Effect of scaling parameters on Freon model
and full-scale rotor performance.

Figure 9.- GRAM testbed with AH-1G rotor.

Figure 10.- GRAM testbed with hinged
wide-chord   rotor.

Figure 11.- GRAM testbed with wide-chord rotor
(no mid-span flap hinge).
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Figure 12.- Model Cobra test conditions compared to
full-scale flight envelope with selected

blade torsional waveforms.
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Figure 13.- Comparison of oscillatory blade loadings as
a function of span for the wide-chord

teetering rotors.

Figure 14.- Flex-hinge rotor mounted on the
GRAM testbed.

Figure 15.- Rotor performance data for the
flex-hinge rotor at an advance ratio

of 0.35.

Figure16.- Blade lead-lag mode damping as a function
of advance ratio for the flex-hinge rotor.
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Figure 17.- One/rev lateral twist of ACR configurations

DQG�EDVHOLQH�URWRU�DW�  �������" S = -5 deg, and

CL��� � ������

Figure 18.- Trim requirements of ACR and baseline
model rotors at CL��� � ������DQG�I� ����IW
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Figure 21.- Effect of 4 deg tab deflection on torsionally
soft and stiff blade response.

Figure 22.- Effect of higher harmonic control on fixed-
system 4-per-rev vibration levels.

Figure 23.- Variation of alternating pitch link load (1/2
peak-to-peak values) with advance ratio.

Figure 24.- Model hingeless rotor hub.
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Figure 25.- Comparison of predicted and measured sta-
bility as a function of rotor speed in hover.

Figure 26.- Effect of blade droop angle on lead-lag
damping at advance ratio = 0.30.

Figure 27. Effect of blade pre-cone angle on lead-lag
damping at advance ratio = 0.30.

RC(4)-10 airfoil3.00 3.87

1.40

5.395

RC(3)-10
  airfoil

RC(3)-08
  airfoil

1.799

Flapping
    axis

      Pitch-link
attachment point

1.0.8.6.4.20

0

2

-2

-4

-6

-8

-10

-12

-14

Center of rotation

r/R

θ1
(deg)

44.979

47.790

51.413

56.224

Figure 28.- Advanced rotor blade geometry and built-in
twist distribution.  Linear dimensions are in inches.
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Figure 29.- Baseline rotor blade geometry and built-in
twist distribution.  Linear dimensions are in inches.
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Figure 30.- Comparison of baseline and advanced rotor
CQ for 4000 ft geometric altitude, 95 deg F ambient
temperature and vehicle equivalent parasite area of

29.94 ft2.
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Figure 31.- Comparison of 4-per-rev vertical fixed-
system loads for baseline and advanced rotor configu-
rations at 4000 ft geometric altitude, 95 deg F ambient

temperature and vehicle equivalent parasite area of
29.94 ft2.

Figure 32.- Model bearingless rotor hub.
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Figure 33.- Geometry of Froude-scaled model rotor
blades.  All dimensions are in inches.

Figure 34.- Geometry of Mach-scaled model rotor
blades.  All dimensions are in inches.
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Figure 35.- Comparison of hover performance (IGE,
MT = 0.626) of the rectangular and tapered planform

blades.
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Figure 36.- Comparison of the forward flight perform-
ance of the rectangular and tapered planform blades

(vehicle equivalent parasite area = 20.65 ft2).

Figure 37.- Components of advanced model rotor blade
used for vibration reduction research.
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Figure 38.- Effect of non-structural mass on 4-per-rev
fixed-system loads for T= 285 OEV�DQG� � ������
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Figure 39.- Illustration of noise reduction concept.
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Figure 40.- Effect of higher harmonic pitch (HHP) on
rotor noise levels (db).

Figure 41.- BERP-type and baseline rotor blade
geometries.  Linear dimensions are in inches.

Figure 42.- Rotor hover performance at MT = 0.628 and
z / d = 0.83.

Figure 43.- Variation of rotor torque coefficient with
advance ratio for MT = 0.628 and vehicle equivalent

parasite area = 29.94 ft2.
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Figure 44.- Pitch-link oscillatory loads for baseline and

BERP-type rotors at " S = -4 GHJ�� � ������DQG������

Figure 45.- The 4-per-rev vertical fixed-system loads

for baseline and BERP-type rotors at " S = -4 deg;

 ������DQG������

Figure 46.- HIMARCS-I rotor blade geometry and
twist distribution.  Linear dimensions in inches.

Figure 47.- Rotor hover performance at MT=0.627 and
z/d =0.83.

Figure 48.- Variation of rotor torque coefficient with
advance ratio for CL = 0.0081, MT = 0.627 and vehicle

equivalent parasite area = 29.94 ft2.
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Figure 49.- Variation of pitch-link oscillatory loads
with rotor lift coefficient for MT� �������� � ������

and " S = -4 deg.

Figure 50.- Variation of 4-per-rev vertical fixed-system
loads with rotor lift coefficient for MT = 0.627, and

S = -4 deg.

Figure 51.- Baseline (Advanced S-61) model rotor
blade.

Figure 52.- Comparison of analytical and experimental
forward flight rotor performance of advanced S-61 ro-

tor at GW = 20,000 lbs, vehicle equivalent parasite area
= 34.55 ft2 and SLS.

Figure 53.- Comparison of analytical and experimental
mean blade bending and torsion moments for advanced
S-61 rotor at GW = 20,000 lbs, advance ratio = 0.25,
vehicle equivalent parasite area = 34.55 ft2, and SLS.
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Figure 54.- Bell/Boeing V-22 tiltrotor aircraft.

Figure 55.- 1/8-size Lockheed Electra model in TDT
for propeller whirl flutter investigation.

Figure 56.- Sting-mounted propeller/nacelle whirl
flutter model.

Figure 57.- Wing-mounted propeller/nacelle whirl
flutter model.

(a) Blades fixed like propeller

(b) Blades free to flap

Figure 58.- Flapping-blade propeller whirl flutter
model.
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Figure 59.- Ducted fan whirl flutter model.

Figure 60.- Model of high bypass ratio fan-jet engine in
Langley 8-foot Transonic Pressure Tunnel.

Figure 61.- Estimated stability boundaries for high
bypass ratio fan-jet nacelle-pylon.

Figure 62.- Perturbation rotor-induced aerodynamic
forces acting on a tiltrotor aircraft during pitching and

yawing oscillations (rotors interconnected).

Figure 63.- Artist’s conception of Bell Model 266 tilt-
rotor design evolved during the Army Composite

Aircraft Program.

Figure 64.- 1/7.5-scale semispan aeroelastic model of
Bell Model 266 in TDT.
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Figure 65.- 1/7.5-scale model in simulated conversion
mode.

Figure 66.- Close-up view of model pylon with covers
removed showing control system used for unpowered

testing in airplane mode of flight.

Figure 67.- Effect of some system parameters on
proprotor/pylon/wing stability.

Figure 68.- Effect of proprotor aerodynamics on
damping of wing beam mode.
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Figure 69.- Effect of wing aerodynamics and blade
inplane flexibility on damping of wing beam mode.

Figure 70.- Measured variation of gust-induced angle
of attack with frequency of airstream oscillator.

Figure 71.- Effect of proprotor aerodynamics on
frequency response of wing vertical bending moment

during vertical gust excitation.

Figure 72.- Model 266 configured for rotating and
stop-start portion of folding proprotor investigation.

Figure 73.- Model 266 in simulated blade folding
configuration.
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Figure 74.- Model 266 flutter boundaries showing
variation in character of flutter modes as rpm is

reGXFHG�WR�]HUR�� 3 = –32º).

Figure 75���6\VWHP�VXEFULWLFDO�UHVSRQVH�IRU� � ����
rpm case in figure 77.

Figure 76.- Effect of blade flapping degree of freedom
RQ�ZLQJ�EHDP�PRGH�GDPSLQJ�� � �����USP��

Figure 77.- Variation of blade steady-state flapping
with rotor rpm.

Figure 78.- 1/5-scale aeroelastic model of Bell Model
300-A1A in TDT.
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Figure 79.- 1/4.5-scale aeroelastic model of Grumman
"Helicat" tiltrotor design in TDT.

Figure 80.- Grumman tiltrotor model in whirl flutter
research configuration.

Figure 81.- Close-up view of model pylon in research
configuration.

Figure 82���(IIHFW�RI�EODGH�SLWFK�IODS�FRXSOLQJ�� 3) on

whirl flutter.

Figure 83.- 1/5-scale rigid aerodynamic force model of
Bell Model 300-A2A (XV-15) with rotors from

aeroelastic model in TDT.
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Figure 84.- Effect of Mach number on blade flapping.

Figure 85.- 1/5-scale aeroelastic model of Bell Model
300-A2A (XV-15) in TDT.

Figure 86.- 1/5-scale model in simulated helicopter
autorotational configuration.

Figure 87.- Proprotor thrust damping effect on model
Dutch roll mode stability.

Figure 88.- The XV-15 tiltrotor research aircraft.
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Figure 89: 1/5-scale semispan aeroelastic model of
Bell/Boeing V-22 in TDT.

Figure 90.- Stability of wing modes for V-22 model
with design stiffness wing spar.

            

Figure 91.- Stability of wing modes for V-22 model
with off-design stiffness wing spar.

Figure 92.- WRATS testbed installed in TDT.
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Figure 93.- Effect of wing torsional frequency on
stability of WRATS testbed.

Figure 94.- Active flaperon installed on WRATS
testbed.

Figure 95.- MAVSS control of 3P torsional vibration
using active flaperon.

Figure 96.- Stability boundaries for 1/5-scale baseline
and tailored wing.

Figure 97.- Stability of wing beam mode for model
with tailored wing spar.
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Figure 98.- Hardware components of WRATS active
swashplate/flaperon higher harmonic control system.

Figure 99.- MAVSS control of 3P wing bending and
torsion loads as a function of airspeed.
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Figure 100.- MAVSS control of 1P wing bending
loads.

Figure 101.- GPC control of wing vibration on
WRATS testbed in hover configuration.
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Figure 102.- UMARC/S prediction of torque tube and
blade loads on VDTR model.

Figure 103.- Full-scale mock-up of Bell/Agusta BA609
tiltrotor now in development.

Figure 104.- Artist’s conception of a "Quad Tilt Rotor"
under study by Bell.


