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INTRODUCTION

The approach of dynamically altering the characteristics of rotor systems to
provide control and relief from rotor dynamic loadings has been used since
the beginning of helicopter flight. Examples of this approach are the use
of cyclic pitch for control and relief of bending loads, flap hinges to
relieve root bending moments and stresses, and lead-lag hinges to relieve
blade inplane stresses. For two-bladed rotors, a teetering hinge has been
generally used to relieve the blade root flapwise bending moments and to
relieve rotor stability problems.

In an attempt to relieve the compressibility and stall problems simulta-
neously, a German company (Boelkow) used crossover beams between opposite
blades, pinned in the lead-lag direction. When the increased drag torque
produced on the advancing side rotated the advancing blade aft, this
motion was transferred to the opposite blade through the crossover beams
to increase its velocity in the third and fourth rotor quadrants. The
increased velocity of the retreating blade decreased the angle-of-attack
requirements and thus, the stall problems in these quadrants. While this
approach was attractive on a performance basis, stability problems elimi-
nated it from further serious consideration.

Other types of "mechanical"approaches have also been used to affect blade
motions by reducing loadings and to provide beneficial couplings both for
performance and stability considerations. Blade sweep, pitch-flap and flap-
lag couplings are examples of types of mechanical couplings. While each of
these mechanical couplings could be beneficial by itself, improper couplings
of the independent parameters could also degrade performance, increase
dynamic loadings and blade stresses, and in some cases, create stability
problems. These passive mechanical approaches to develop a rotor system
that would be adaptive to its operational environment, while providing
significant benefits, were constrained to basically a modification of I/rev
effects.

In order to obtain possible performance and vibration reduction benefits
associated with 2/rev and 4 rev tailoring of the blade angle-of-attack, a
number of investigations have been conducted in the past regarding the use
of higher harmonic mechanical pitch control (References 1 through 5).

1. Stewart, W., SECOND HARMONIC CONTROL OF THE HELICOPTER ROTOR,

Aeronautical Research Council, R&M 2997, London, England, August 1952.

2. Arcidiacono, P. J., THEORETICAL PERFORMANCE OF HELICOPTERS HAVING
SECOND AND HIGHER HARIONIC FEATHERING CONTROL, Journal of the American
Helicopter Society, April 1961.

3. AN EXPERIMENTAL INVESTIGATION OF A SECOND HARMONIC FEATHERING DEVICE
ON THE UH-IA HELICOPTER, Bell Helicopter Company; USATRECOM Technical
Report 62-109, U.S. Army Transportation and Engineering Command, Ft.
Eustis, Virginia, June 1963.
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-ri,.e studies indicited hat tenefits could ee obtained, ;tu' ,
the redction of rotor vib'ratory forces transmitted to th for .,
stabiV t, and mechanical problems reduced tiic Jesi ah ,it" o. S.

auoroachcs at the time.

;'ito the advent of rigid or hingeless i'joe rotor Stes..

of s /stem dvnam c coli 1 i no; also became a va i 1,abl e due t i t,
of the blades. For exa me, rekruency tuning of the I
of .the blades was used to reduce 1bladr C- 1Iatm 'e
the S01uti on of stabi lit / probleris assoc ated wi .. t
systo.-;r.. Since ) I tc - t a , ui tch -l o, ind flap-I ai ,
in these blades thr,,ujr elastk &fuoritonRs ir15eu *f t

telatiorships of me;o i i hinges, t root be t T - .
rotor systems in thei r rudli,,entary forn are aeroel. :iti 0 1-,,:
rotors. These rotor ,,/stems , althoub havinq aerqom st .c
c.onstructed such that tney basicallv use onlY the I
functions to provide assive control of the rc,tor ' ades f -
hi iher harmonic root pithr control on the performace ' -c u I

sability characteristicc of a hingeless rotor have .,
,References 6 and 7). Th results of these studies ,
har'.onic mechanical rcer iitch control can be benefl ,! .s ,
performance and the transtmitted vibratory characteris tco o , -
rcoto r--

4. Daughaday, H., SUPPRESSION OF TRANSMITTED HARMONIC POTOK ,2
BLADE PITCH CONTROL, Cornell Aeronautical Laboratory, 100.
Technical Report 67-14, U.S. Army Aviation ateriel Laborsnrii's,
Ft. Eustis, Virqinia, November 1967, AD 665430.

5. Balcerak, J. C., and Erickson, J. C., SUPPRESSION OF TRANS1.17- ' S
HARMONIC VERTICAL AND INPLANE ROTOR LOADS BY BLADE PITCH CuhiL
Cornell Aeronautical Laboratory, Inc., USAAVLAB5 Technical rePort
69-39, U.S. Army Aviation Material Laboratories, Ft. Eustis.
Virginia, July 1969, AD 860352.

6. Sissingh, G. J.. and Donham, R. E., HINGELESS ROTOR THEORY AiD
EXPERIMENT ON VIBRATION REDUCTION BY PERIODIC VARIATION OF CONVEN-
TIONAL CONTROLS, Proceedings of the AHS/NASA/Ames Specialists'
Meeting on Rotorcraft Dynamics, February 197d (NASA SP 352, Februjary
1974).

7. McHugh, Frank J., and Shaw, John, Jr., BENEFITS OF HIGHER HARMONIC
BLADE PITCH: VIBRATION REDUCTION, BLADE-LOAD REDUCTION, AND
PERFORMANCE IMPROVEMENT, American Helicopter Society Mid-East Reqion
Symposium on Rotor Technology, August 1976.
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0~l o :;-ced' con-opts have used basically miechani cal mea'-,s *to
t zi i 1 c)rtc)rodynami c anr'--cf-a' 1-6- distribution. The use of aerodvr.9vi c

.rce o oo i sh t-he Same, thnw, has also been employed. Kaman , inl tnei r
o". IV~ devel opment, used a 1ae(chani cal ly control led servo tab located

cu~tboard n toe blade to obtain collective and cyclic pitch control. 1Hi 1er
nIeii (opl t- ised a:,.rodvrx-i c 's .rfaces (.n a servo-rotor control s ystem to

-crtro -e ollective- and cycii. -itchi irqles of tne main rotor.TeKaa
;ePrvorir cn ntrol systeml was retained ',the .1-43 Husky helicopter to
cntro t lc, ace _, eci'Ave and cyclic pit"h a!na-les by twisting the canti-
oyeoec blad(es. More recenti v, Ka;nan investigo Led the possi! le benefits of

rnmhl i a Lhe servo-tI ap con trolledl blade elastic tist with blade feather-
~r, lcated a, the ,blade root. In this co-ifiguration, the blade

Pa tit i cont rol s ;e ro used to t ilIt the rotor th ru st vec tor f or trim.,
:ie nod : le 1astc tw.ist control led by the servo-flap , was usedi to twist
th- blo~'e ab out its m-an triim position in an attempt to n 'ovide an efficientL
,d:;t'ir..-tin of bl-ide airloads to delay retreating blade stall, improve
cutr erforrmance, ar-! reduce blade bending moments (Reference 8). The

-rcsuits of this invescigation indicated that some stall relief was obtained
cdiiher blade luadings could be developed without overstressing the

bl ades. NIASA has used this concept to determine if hiqher harmonic pitch
co.nt-ol migqht provid n irther benefits (Reference 9)

Tn recent years, a number of investinia- ons into the true use of passive
aeroel astiC: tuni no or coupling to derive beneficial results have been
corl, ucti. Gabel and Tarzanin (Reference 10) showed that, if the torsional
sti ffnes:- ,,f rotor blades was tailored such that a relatively low torsional
fren:uency was ')tained (3 to 4/rev) , the oscillatory blade torsional and
c-antrol loads dlue to dynami c stall could be reduced significantly. Tile
.corsiorialy soft blades, although they had only a limited effect on the
stall-induced airloads forcing function, did reduce the blade response to

,5/rev stall-generdted aierodynamic forces, thus reducing the buildup of
oscillatory loads due to a near frequency coalescence of airloads arc a
blade nat;,ral frequency.

K ~os. 5r. A.!. and Howes, 'd. E., WAINO TUNNEL INVESTIGATION OF
T[C0,"RO[ Li/B!L TWv.IST ROTOR PERFORMANCE ANID DYNAMIC 3EH.AVIOR, Kaman

'rs icorp. ,Ut,AMRDL Technical Report 77-10, Applied Technology
Lah-orstory. U.S. Army Research and Technology Laboratories (AVRADCO!),
Ft. EuAstiS, Vireainia, June 1977, AD A042481.

I. Mo~cud,'ohn I. , III, AN ANALYTICAL STUDY OF A MULTICYCLE CONTROL-
IAPIE TI RCTOR, Proceedings of the 31st Annual National Forum, of
tre Amyerican Helicopter Society, Washington, DC, May 1975.

10 1«,P. . and Tirzanin. F. , Jr. , BLADE TORSIONAL TUINING TO NANAG1
L . E Am'_I TJDE CONTROCL LOADS , Journal1 of _Ai rcraf t, Vol . I I, Nc.
Paper No. 72-K_. AIAA,, August 1974.

11



The study reported by Bell in Reference 11 on the use of fore-and-aft sweep
and a midspan flapping hinge to reduce control loads and midspan bending
moments on wide chord blades did not really use aeroelastic couplings.
However, these configurational changes did result in an alteration of the
blade aerodynamic loadings and blade dynamic characteristics. The results
indicated that, for the blades tested, the 1/rev control loads were not
reduced by sweep, but the midspan flap hinge was very beneficial in reducing
critical blade flapwise bending moments. Because of these benefits, reduced
RPM operation of the rotor was obtained, which, in turn, reduced the com-
pressibility noise generated by the blade tip. It was hypothesized in
Reference 11 that if the outboard hinge had incorporated flap-pitch coupling,
then the buildup of control loads with advance ratio might also be reduced
significantly. Another manner of achieving this same result is through the
use of aeroelastic coupling supplied by a swept-tip (Reference 12). The
aeroelastic twisting provided by the swept-tip on the advancing side of the
azimuth helps to reduce the destabilizing pitching moments present in this
azimuth range. These destabilizing moments, generated by the drag forces
acting on the blade bent downward by built-in twist, can cause torsional
divergence if not controlled. As indicated in Reference 12, the aeroelastic
coupling benefits of the swept-tip are not only related to benefits achiev-
able on the advancing side, but are also realized on the retreating side in
the blade stall region because of the softer blade torsional stiffness
allowed by use of the blade tip sweep.

Reference 13 presents the results of an investigation in which basic blade
aerodynamic parameters were used to aeroelastically control the radial and
azimuthal loading distribution in an attempt to improve the rotor perfor-
mance and decrease the blade oscillatory loadings. The basic parameters
considered in this investigation were: reduced blade torsional stiffness,
aerodynamic pitching moment (CMO), outboard blade sweep, and second
harmonic blade pitch control. The basic results of tje exploratory Drogram
were that positive CMo was beneficial as regards performance and blade
dynamic bending loads. The effect of outboard blade sweep was also deter-
mined to be beneficial although it was believed that the positive effects
were minimized because of an improper 2/rev phasing caused by the swept
blade section.

11. Kidd, D. L., Brogdon, V. H., and White, J. A., ADVANCED TWO-BLADED
ROTOR SYSTEMS AT BELL HELICOPTER TEXTRON, American Helicopter Society
Mid-East Region Symposium on Rotor Technology, August 1976.

12. Arcidiacono, P., and Zincone, R., UTTAS ROTOR BLADE, Journal of the
American Helicopter Society, April 1976.

13. Doman, G. S., Tarzanin, F. J., and Shaw, J. Jr., INVESTIGATION OF
AEROELASTICALLY ADAPTIVE ROTORS, Boeing Vertol Co., USAAMRDL Technical
Report 77-3, Applied Technology Laboratory, U.S. Army Research and Tech-
nology Laboratories (AVRADCOM), Ft. Eustis, Virginia, May 1977,
AD A042083.
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While the above-noted investigations touched on the use of passive aero-
elastic couplings to enhance the performance and vibratory characteristics
of rotor blades, they have generally been very limited in nature. This was
because only one specific problem area was addressed, or because of the lack
of a full understanding of all possible beneficial aeroelastic and mass-
elastic couplings that can be generated by tuning modal frequencies to the
frequencies of the harmonic forcing function.

This report summarizes the theoretical and experimental investigations that
were conructed to evaluate the potential of aeroelastic and mass-elastic
couplings to provide a truly aeroelastic conformable rotor (ACR) configura-
tion that will improve the performance and vibratory characteristics of
helicopter rotor systems without creating instabilities. The manner in
which this investigation was conducted and the results that were obtained
are presented in the body of this report.
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PRELIMINARY INVESTIGATIONS

Selection of Primary ACR Parameters

During the initial phase of the effort, a survey of previous investigations
of the effects of rotor aeroelasticity, design, and controls on the perfor-
mance and operational qualities of rotor systemis was conducted in order to:

1. Ensure a complete knowledge of previous efforts conducted
on or closely associated with the efforts of this program.

2. Define the rotor a!d aircraft parameters that are significant
to the aeroelastic characteristics of rotor systems.

This review included about 60 reference documents, which reported on
research and engineering investigations of:

1. Higher harmonic pitch and control

2. Aeroelastic stability

3. Performance

4. Dynamic behavior

5. Control loads

References 1 through 67 are the majority of reports on the major investi-
gations that were reviewed. In this review, the effects of the following
primarv categories of system parameters on rotor aeroelastic characteristics
were souht to determine their relative importance:

1. Rotor aerodynamics

2. Rotor inertia

3. Blade edgewise, flapwise, and torsional stiffness

4. Blade geometry

5. lade mass and inertia distribution

6. Blade root-end restraint

7. Blade root-to-hub orientation

3. Control system characteristics

9. Rotor-fuselage couplings

10. Mechanical couplings

On the basis of the review that was conducted, an assessment of the relative
importance of various aeroelastic parameters relatiig to the development of

14



,sticYll conformable rotor (ACR) system was undertaken. From this
. t :., the rotor aeroelastic parameters helieved to be of o-imary
u,'b.ance ic an ACR system are:

I Airfoil -- Mach number effects on aerodynamic characteristics

2. Air oi! pitching norient

. .i foil aerodynamic center offset fre;i shr.r center

C- offset from shear center

, fset from airfoiI aerodjnami c cer.e,

a"ade rFc, orml

eometric twist distribution

sweep distribution

. -ie ,ass and inertia distribution

'Ilale torsional stiffness distribution
i blade edgewise stiffness distribution

ontrol system sti ffness

Te ord e in which these parameters are listed does not necessarily corres-
.ond to tneir order of importance. The aeroelastic parameters believed to
a of secondary importance are:

1. Blade flapwise stiffness distribution
2. Pitch-flap coupling

3. Pitch-lag coupling

4. Potor-fuselage coupling

5. Precone: predroop

6. Rotor inertia

7. Blade to blade azimuthal spacing

8. Blade to blade vertical spacing

9. Blade tip shape

10. Rotor rotational speed

II. '4umber of blades

The determination of whether an aeroelastic parameter is of r.-imary or
secondary importance was based on the beneficial and/or detrimental effect
of the parameter in regard to improving the rotor operational qualities
being considered. While the investigations reported herein primarily dealt
with the parameters considered to be of primary importance, number of
blades, tip shape, and blade flapwise stiffness distribution were also
considered.
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Selection and Description of Analysis Techniques

The various prediction capabilities that were required to successfully
accomplish the theoretical analysis objectives were:

1. Prediction of aircraft trim

2. Prediction of the nonuniform, wake-induced velocities

3. Prediction of the aeroelastic forced response characteristics

4. Prediction of the vibration and air and ground resonance
stability characteristics

The various analyses that were evaluated for possible use in meeting these
capabilities are presented in Table 1. The selection of the appropriate
analytical procedures for use in this program was based on the following
criteria:

1. Match of basic capabilities to requirements

2. Degree of program modifications required

3. Familiarity of technical staff with program operation

4. Availability of an IBM 360 operational version

On the basis of this evaluation, the following programs were chosen for use
in the theoretical investigations conducted on this project:

1. The Rotorcraft Flight Simulation,Computer Program C81 was used 2

for the prediction of the trim characteristics of a single-rotor
helicopter having a rotor system of conventional design.

2. The Nonuniform Wake-Induced Velocity Prediction Program (NUWAIVE)
was used to calculate the nonuniform wake-induced velocities for
both conventional rotors and the ACR system.

3. The Rotor Aeroelastic Response Analysis (RARA) was used to
predict the forced response characteristics for conventional
rotors and the ACR systems.

4. The Helicopter Aeroelastic Stability Analysis (HASTA) was used
to predict vibration and air resonance characteristics of the
conventional and ACR systems.

A brief discussion of the capabilities of each prediction program is
presented in the following paragraphs:

The C81 Rotorcraft Flight Simulation Proqram was chosen because it was
adequate for predictions it was required to undertake, did not require any
modification, and its operation was familiar to the SRL technical staff.
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o <,:!... -roelastic Response Analysis (PARA)was chosen for use in tho erven
iat. n because 1 ses as all the required capabilities for itveacatset i

the- , aeroelastic response of ACR systems, (2) it is comfpatible roto '
HAMTA stability program regarding assumptions, formulation, ad required
data input, (3) it has proven compatibility with the NU14AIVE enalysis,
(4) it has a short running time, and (5) the technical staff at SRL is ver-v
familiar with its capabilities and operation.

This predictive program is a finite-element analysis as opposed to a modal
analysis and has the capability of modeling the following features of
importance to ACR systems:

1. Represents the required blade characteristics of un to six
blades.

2. Can be used in conjunction with the NUWAIVE free-wake analysis.

14. Davis, J. M., Bennett, R. L., and Blankenship, B. L., ROTORCRAFT FLIGHT
SIMULATION WITH AEROELASTIC ROTOR AND IMPROVED AERODYNAMIC REPRESENTA-
TION, Vol. 1 - Engineer's Manual, Bell Helicopter Co., USAAMRDL TR 74-10A,
Eustis Directorate, USAAMRDL, Fort Eustis, Virginia, June 1974, AD 782854.
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r.1 l- ,,ade. vith un to 30 radial stations.

S. Ues noni, ear ai r oii characteristics through the use of
measired airfoil oata ,hot are a function of both angle
of attack and Mach number.

5. Lan adequately represent discrete offsets in shear center,
,enter of gravity, and slopes in the blade axis system.

r1. Adequately represents the various rotor articulations of
i nterest.

7. Represents toe nonuniform stiffness variations in the
control system and swashplate.

3. Accouots for interharmonic counlings.

-,hs prediction progra!i is a descendant of the HASTA stability analysis
ani as such is based on identical assumptions and numerical analysis
techniques as that prourari. While the data input is also identical to
toie HASTA program, the input format is different.

Helicooter Aeroelastic Stability Analysis (HASTA) was chosen for use
because it is believed to be the best available, compatible with the RARA
and %UWAIVE programs, and because of the familiarity of the technical staff
at SRL and ATL with its use and operation. The effects of the following
parameters are important to the investication of air resonance stability
problems of an ACR system which can be represented adequately by the HASTA
program.

1. Nonlinear radial distribution of blade chord.

2. Nonlinear radial distribution of offsets in the edgewise
location of the shear center.

3. Nonlinear radial distribution of offsets in the edgewise
location of the center of gravity.

4. Stepwise variations in the sweep angle of the blade
Qlanform and shear center.

5. Nonlinear radial twist distribution.

0. Flexible control systems (cyclic and collective stiffnesses).

Built-in discontinuities of predroop as a function of radius.

The Possible use of offset hinges (50 to 60 percent of radius).

9. The mean steady elastic deflections of the blade.

.0. Rotor shaft flexibility or transmission rocking stiffness.

11. Fuselage mass and inertia characteristics as ; --ee body.

12. Landing gear stiffness characteristics.
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Selection of Operational Qualities to be Improved

The major operational qualities that were considered for investigation
were the following:

1. Rotor propulsive efficiency

2. Rotor vibratory loads in the rotating field

3. Transmitted vibration to the fixed or fuselage system

4. Overall rotor performance

5. Blade stresses

6. Aircraft handling qualities (control power)

7. Rotor acoustics

8. Rotor and blade stability

It was believed that the first five qualities listed are of primary
importance and, if improved, might provide the greatest potential for
improving the capabilities of present-day and advanced helicopters. While
rotor hovering efficiency is of great importance, it was felt that desired
improvements could be obtained by the appropriate use of blade design param-
eters and that the utilization of aeroelastic effects is not necessarily
required.

Handling qualities (control power) was also believed to be a parameter of
somewhat secondary importance to the present study in that parameters other
than aeroelastic couplings usually can be used to provide adequate control
power. Since handling qualities are somewhat dependent rather than inde-
pendent parameters, the effects of aeroelastic couplings on these qualities
were investigated separately.

Rotor acoustics was also considered to be a dependent rotor quality in the
investigation, as was rotor blade stability and, therefore, neither of
these parameters were investigated.

On the basis of engineering judgement and the above reasoning, the primary
operational qualities 1 through 5 above were investigated in the program.

Selection of Basic Rotor Configuration

It was believed that the improvement in rotor operational qualities due to
ACR would be basically the same for all types of rotor systems and, there-
fore, the qualities selected for investigation did not have a major
influence on the selection of the rotor system to be analyzed. The basic
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types of rotor systems that were considered as candidates for an ACR
system are:

System Type Number of Blades

Teetering 2
Fully Articulated 3 to 6
Hingeless 3 to 6
Bearingless 2 to 6

During the ACR rotor system selection process, the following factors were
considered:

1. The rotor system most representative of current Army aircraft
under development.

2. The rotor system that will provide the most flexibility in
varying parameters during the test phase.

3. The rotor system for which the basic parameters can be
well defined.

4. The rotor system that will provide the best possibility of
being analyzed for stability problems and for which "unknown"
stability parameters are probably not present.

5. The most general applicability of the results that can be
obtained.

On the basis of these considerations, the fully articulated rotor system
having four blades was selected for analysis, construction, and test. It
was believed that this rotor configuration rates the highest of the above-
noted rotor systems for the following reasons:

1. A four-bladed system is the one in must general use today
and is being used in the development of the new generation
of Army operational helicopters.

2. The articulated rotor system is being used in the new
generation of operational Army helicopters.

3. The articulated rotor system has the capability for permitting
well-defined changes in 6 3 , 62, offset axes, and other param-
eters.

4. It is the rotor system that has better defined and predictable
stability characteristics when conventional blades are being
used.

The baseline rotor system for which the investigations of the ACR concept
were conducted was a 9-foot-diameter, four-bladed, fully articulated model
with a constant chord and 8 degrees of linear twist. The mass and elastic
properties of the blades had typical distributions with mean values such
that Mach, Froude, and Locke scaling from a full-scale blade were correct
when the model was tested in the NASA Transonic Dynamics Tunnel in a Freon
12 environment.
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THEORETICAL INVESTIGATION OF ACR CONCEPT

Description of the Computational Procedure

The ACR blade concept was investigated by altering the basic characteris-
tics of the baseline blade. The primary parameters of the baseline Dlade
that were altered during the investigation were:

Geometric

1. Radial distribution of planform

2. Radial distribution of twist

3. Hinge pitch-flap coupling

4. Hinge flap-lag coupling

5. Radial distribution of sweep

Stiffness

1. Radial distribution of flapwise stiffness

2. Radial distribution of edgewise stiffness

3. Radial distribution of torsional stiffness

4. Control system stiffness

5. Offset of shear center

Mass

1. Radial distribution of torsional inertia

2. Radial distribution of mass

3. Radial distribution of center of gravity

1. Concentrated masses to tune or detune modal
couplings through mode shape control

The geometric and drag characteristics of the S-61 helicopter having a
weight of approximately 14,000 pounds was the basic aircraft configuration
modeled for use in the studies reported herein. While the geometric
characteristics of the four-bladed, articulated S-61 rotor were also used
in the analytical studies, the airfoil section, mass and twist distributions
of the rotor blades did not correspond to the S-61 helicopter. The basic
reason for using a scaled version of the S-61 helicopter as the flight
vehicle was its compatibility with the model rotor hub of the ARES test
system in the NASA Transonic Dynamics Tunnel. In addition, data obtained
previously with scaled S-6i blades on the ARES model could be used to
establish load limits for the model system.
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t f ,,Cids were obtained and t here was consistency between the collective
ano cyclic ;Jitch anoles (including elastic twist ,, the conino and i,,Y cv flap
ang.]les used in ',.JAIVE and RARA. The results obtained by this procedure for
tf,.e baseline ',lades ana the various ACR concepts were compared on the basis
c f CT/C 0 to cvaluate the effectiveness of the ACR desino parameters in
improving the rotor performance characteristics as a function of advance
ratio and loading.

It was noticed, that the predicted performance characteristics improved
significantly with the replacement of the uniform wake with the first
estimate of te nonuniform wake-induced velocities, based on the control
parameters predicted by CIl. It was also noted that, as might be expected
with the more flexible ACR concepts, the interaction of the wake and blade
elastic deformations were much more pronounced as the maximum loading of
the rotor system was approached.

The HASTA analysis was used to compute the air resonance modes of both the
baseline blades and the final ACR blade design chosen for construution.
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Results of the ACR Concept Studies

Using the calculation procedures outlined in the previous section, the
effects of various blade parameters on the performance characteristics of
the baseline blade were investigated to deterline the best combination of
parameters to enhance the rotor performance in terms of the ACR concept.
While the analyses were conducted over a range of advance ratios and loading
conditions, the majority of analyses were conducted at an advance ratio of
u= 0.35 at a loading condition near the limit of the rotor system. An
initial investigation was conducted with a blade having a torsional stiff-
ness 1/3 of that of the baseline blade, to determine the effect of built-in
twist on the rotor performance characteristics. The results of the inves-
tigations conducted for -8, -12, and -14 degrees of built-in twist indicated
that -8 degrees was probably the better value of twist; therefore, all
following calculations were conducted with that value.

The range of parameters that were varied to evaluate their effect are as
follows:

Aerodynamic Center: 0,25C, 0.30C, and 0.35C from
60 to 80 percent R

Shear Center: 0.25C and 0.40C from 60 to
80 percent R

Center of Gravity at
60 percent Span: 0.25C and 0.lOC by the

addition of weight

Swept Tip: 20 degrees sweep at 92 percent
R; 20 degree sweep at 82 percent R

Blade Taper: 1.35/1

Blade Torsional Stiffness: (1) 1/3 of baseline blade from 0 to 100
percent R

(2) 1/6 of baseline blade from 0 to 100
percent R

(3) 1/6 of baseline blade from 0 to 50
percent R and 1/12 of baseline
blade from 50 to 100 percent R

The comparative performance benefits obtained by the use of the parameter
variations noted above are presented in Table 2.

The results presented in this table indicate that reducing the torsional
stiffness of the baseline blade by six times and adding 20 degrees of tip
sweep at 82 percent R provided the largest performance benefit. While the
results imply that adding the swept tip to a blade having a six times
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torsional stiffness reduction from 0 to 50 percent R and a 12 times reduc-
tion from 50 percent R to 100 percent R might have a larger performance
gain, difficulties in blade construction ruled out further consideration of
this configuration.

TABLE 2. RELATIVE PERFORMANCE BENEFITS OF ACR PARAMETERS*

.7 C):: C

S. oC o C Q S_
0 0 4 ()

Baslie lae tifnss- -.- I*-

C: U U
ro 4-) 0 0 S_ (3

f) C)

Baseline Blade Stiffness - - - l* - -

Torsional Stiffness, 1/3 Baseline 1 - - 2 2 -

Torsional Stiffness, 1/6 Baseline 7.5 10 6.9 - - 5.0

Torsional Stiffness, 1/6 Baseline IB 8 - 8 - - -
1/12 Outboard

*Numbers are percent of performance (T/Q increase over baseline
blade times 10 divided by maximum increase that was calculated.

On the basis of the results presented, it was concluded that the ACR blade
would be based on reducing the torsional stiffness of the baseline blade by
a factor of six and adding 20 degrees of tip sweep from 92 to 100 percent
of blade radius.

The HASTA analysis was applied to the ACR blade design (a torsionally softer
blade with swept tip) and the baseline blade design to determine the suit-
ability of these designs in regard to their frequency and stability charac-
teristics.

The natural frequency results for the baseline blade design at the high
thrust p = 0.35 advance ratio condition are shown in Figure 1. The only
area of concern at or near the operational RPM was the proximity of the
third flap frequency to the 5/rev multiple of the rotor RPM. The natural
frequency results for the ACU' blade design for the same operating conditions
are shown in Figure 2. At or near the nominal operating RPM there were
three possible areas of concern in regard to the ACR blade design character-
istics. These are the proximity of the first torsion mode and the 4/rev
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rotor RPM multiple, the third flap mode and the 5/rev rotor RPM multiple,
and the fourth flap mode and the 9/rev rotor RPM multiple.

Based on the HASTA predicted stability characteristics, both the baseline
and the ACR blade designs are significantly damped for the high thrust
0.35 advance ratio operating condition. The degree of damping predicted
for the various modes is given in Table 3 in terms of the time required
for an oscillation to be damped to one-half amplitude.

TABLE 3. DEGREE OF DAMPING PREDICTED FOR VARIOUS MODES

Half Amplitude Time, sec

Baseline ACR
Model Type Design Design

Ist Edgewise 0.469 0.495

2nd Edgewise 0.0652 0.0481

Ist Flapwise 0.0424 0.0368

2nd Flapwise 0.0549 0.0480

3rd Flapwise 0.0718 0.0434

4th Flapwise 0.0466 0.0294

Ist Torsion 0.0109 0.0070

The above values were obtained assuming a reactionless type of mode without
blade structural damping effects being included. Stability results predic-
ted for umbrella, backward cyclic, and forward cyclic types of modes, with
inclusion of a control system representative of that of the existing test
stand, were essentially unchanged from those predicted for the reactionless
modes except for the first torsion mode. This was even more damped than
for the other mode types.
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BLADE CONSTRUCTION

General Design Factors

The definition of the basic model rotor system required the specification
of full-scale system parameters such as rotor RPM and thrust. Thus, four-
bladed rotor system characteristics of a rotor radius of 24 feet (288 inches),
a rotor rotational speed of 289 RPM, and a nominal thrust of 13,825 pounds
were chosen for the full-scale rotor system. These full-scale rotor system
values are representative of a rotor system that could be used on a helicop-
ter such as the YAH-64. With the linear dimension scaling factor for
converting from full-scale dimensions to scale model dimensions defined by
the ratio of model blade radius to full-scale blade radius (55/288 or 0.0191)
and the Freon 12 to airspeed of sound and density ratios defined as 505/1116
(0.4525) and 3.0, respectively, scale factors for other system parameters
were defined. The scale factors for some of the more important rotor system
parameters are provided in Table 4. The coefficient of viscosity scale
factor of 0.0705 was also used. Consistent with scale factors presented in
Table 4 and the various chosen model and full-scale parameters, the charac-
teristics of the baseline scale model rotor system and the full-scale rotor
system it represents are summarized in Table 5.

The original intent of the rotor design was to have the baseline model corres-
pond to that required for use in a Freon 12 environment with a density of
0.009512 slugs/ft . The final model corresponded to that required for testing
at a density of 0.007134 slugs/ft (three times air atmosphere density).
This density reduction was necessary in that simultaneous satisfaction of the
higher blade mass and stiffness-related parameter values required in the
physical model for the higher density environment would be difficult, if not
impossible, within the confines of the blade thickness and chordwise
dimensions. Further, the Freon 12 fill and purge cycle time required in the
Transonic Dynamics Tunnel for the higher density would restrict the amount
of data that could be obtained within the aliocated tunnel time. Specifi-
call',, the baseline blade design has a span of 55 inches from rotor hub
centerline to blade tip. The airfoil portion of the blade, which begins
at 12.5 inches from the hub centerline, is a NACA 23012 airfoil having a
chord length of 4.24 inches. The blades include a built-in linear twist
from the 9-inch spanwise station (R = 9 inches) to the blade tip, which
corresponds to a leading-edge-down twist of 8 degrees over the full blade
span. The design spanwise distributions of the mass and elastic properties
of the blades are depicted in Figures 3 through 8. The values of these
parameters measured on the model blades are given in Table 6. Tables 4, 5,
and 6 follow on the next pages, as do Figures 3 through 8.
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TABLE 4. SUMMARY OF ROTOR SYSTEM CHARACTERISTICS FO, TiE
ANALYTICAL SCALE MODEL AND FULL-SCALE ROTOR SYSTV M,

Description Scale Model Full -Sca le

Rotor Type Fully Articulated Fully Articulated
Number of Blades 4 4
Rotor Diameter 110 in. 40 f,
Blade 'Chord 4.24 in. 22.2 in.
Solidity 0.0982 0.098,2
Blade Twist 80 80
Root Cutout 12.5 in. 5.45c, ft
Airfoil Section NACA 23012 NACA 2301L
Hinge Offsets 3.0 in. 1.309 ft
Blade pitch axis 25' Chord 25 Chord
Blade Shear Center 25", Chord* 25 Chord*
Blade CG 0.001 in. Aft 0.05-2 in.Aft

of Shear Center of Shear Center
Lead-Lag Stiffness 460 in.-lb/rad 8960 ft-lblrad
Lead-Lag Damping 22.91 in.-lb-sec/rad 1057 ft-lb-sec/rad
Blade Flapping Mass 0.03136 lb-sec/in. 12.21 slugs
Blade First Moment of Inertia 0.4416 lb-sec 110.7 slug-ft
Blade Second Moment of Inertia 14.612 lb-sec-in. 1598.0 slug-ft2

* Values are those over the uniform portion of the blade

TABLE 5. SYSTEM PARAMETER SCALE FACTORS FOR THE BASELINE
MODEL DESIGNED FOR TESTING IN FREON 12

Parameter Scale Factor

Speed of Sound 0.4525
Coefficient of Viscosity 0.705
Density 3.0
Length 0.1910
Mass 0.0209
Bending Stiffness 0.000817
Ti[ Speed 0.4525
Velocity 0.4525
Mach 1.0
Advance Ratio 1.0
Angular Velocity 2.3695
Froude Number 1.0722
Ruvnol ds Number / 0.3677
Looke Number 1.0
Structural Freqwencies 2.3695
Per Rev Struct ral Frequencies 1.0
Thrusc Coeffi 'ient 1.0
Rotor Soliditv 1.0
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_i- ,,ieas urred '(, th A(., m td e,5 3t prepe n ted in 0 r 'J

C, OK sed :n the e Yto et re t ica I ' ~t
cr . hi eport , provided ,!iC qiO;aPest PIPJ c 0p 0V

.temn ')er ~rmanee characteri T, 1 Q f hvc Vr i ems ir saL.
wc)tip de, 'y n coires pondjc to t ! c u rbo a rd e n a

1 t f, [)aJ, 2J degrees af roII the bl ad-'' t, '1
witniot an, nrcereota I10 nil 3  OCCurrv

a c' ' Iede cnd tip. ih sectim oC rd lntiof ' ot
t~t oi te r ic t Ia r to t h je-_ , . SC-nwi set

e i ne r(- a f tfl b -1 jde ( 4. 24 111.? Je)ignior. m ie
'Ith was defined so that the, -oq radi us fo~r t1 - CR

5 n 1 l~~~fl i ci ~~to that of the bisei O a tl Itolr~
W -~r. tv''s v'le for- the two hWade tiode ., the swer.ti

rnnoh was t <duced accordi ng is

Oica realization of both the baseline and ACR andlytiuC1 odel rotor
%,Idws unof~rtaken baseoi upon a proven model rotor system dps iqn phi los-

r ' The s i)ec c'ic approach taken was to provide the majority of flapwise,
~1~Wi~L, nd torsional stiffness characteristics in the blade spar only.

.rls woictrairon of mechanical qualities in the -Soar allows adjustmnent
1- -rough easily contrelled machining Procedures for either a composite spar,
:,-,d or -i etallIic spar. The determination was made early in the pragram
to use horuocieeous m-,etal blade spar, if possible. to miniMize subs equent
mjnufacturiny, cost, i.e., add Itional pattern, , mobcs , and coinposi te layups.

The last ina , ,r design criterion concerned achieving maximum rerieatibility
in, toe manufacturing process to preclude both rotor system balance -od
t'aicking di ffi culties. This is especially iMportant for model rotor blades
'i ,ed on the 'iASA/Langley ARES system which requires a complete pump down

Ard rechargc cycle to enter, the tunnel for each tracking adjustment made in
on. To sotisfy this criterion, the baseline and ACR blades were designed

-- that all ".oal test units were manufactured using a common set of semi-
i,-rranent no~n-steel tools.

.0th the decision made early in the design process to use a homogeneous
metallic main blade spar that would provide the major portion .7f the desired
mechanical characteristics, a trade-off analysis was undertakpe of candidate
materials. These miaterials included aluminum, carbon steel. a~ld Lhe more
e xotic stainless steels.

ijoe investigation into mnaterials revealed that. an aluminum spar would
resent severe difficulties in meeting the mass characteristics required by

the three times atmospheric test media density. It was found that the
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ballasting of the rotor blades would become the primary mechanical factor
rather than the aluminum spar. Composite material spars such as epoxy/
fiberglass or graphite/epoxy were also eliminated due to the ballast
weighting problems and tooling costs. Therefore, the trade-off study was
concentrated on more dense materials that would also meet the mechanical
requirements.

The entire range of steels was examined, from the common variety, e.g.,
1020, to the high-strength aircraft-quality heat-treatable class, e.g.,
4340. Lower-strength materials were eliminated because of the stress
requirements of the ACR spar design's small cross-sectional areas.

The high-strength steels were also eliminated because of the machining
requirements of long cuts on small cross-sectional areas; these cuts are
extremely difficult to control dimensionally without the high added expense
of special tooling. Also, there was a concern that the mechanical charac-
teristics (stiffness) might be degraded over a period of time because of the
vibratory loadings on the spars.

Another consideration in the elimination of the aircraft carbon steels was
the need to heat treat these materials to the required strength level before
machining (adding cost due to the loss in machinability) or after machining
(resulting in dimensional changes and requirements for subsequent secondary
finish operations).

Based on these factors, other candidate materials that could provide high
strength, relative ease of fabrication, and dimensional stability were
reviewed. Because the ACR requirements closely follow those of model balance
systems and flexures for stability studies with which SRL has had extensive
experience, the 17-4 PH* stainless steel used in the hardware for those
programs was investigated in depth. 17-4 PH is a precipitation-hardening
stainless steel that 11as a combination of high strength and hardness,
excellent corrosion resistance, and is easily heat treatable. Additional
features of the material, important when considering its use for the spars,
are its high resistance to crack propagation, good transverse properties,
and proven resistance to stress corrosion cracking. 17-4 PH is magnetic
in its heat-treated form, which results in an added machining advantage
due to less complex fixturing; i.e., magnetic chucks such as on a surface
grinder can be used. The ease of heat treating this material and its
dimensional stability (less than 2 percent shrinkage), combined with
excellent machinability in the HH1150 condition, further confirmed the
desirability of its selection. Table 7 provides a listing of the mechanical
properties of 17-4 PH stainless steel.

* 17-4 PH is a registered trademark of Armco Steel Corp., Middletown, Ohio.
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TABLE 7. 17-4 PH (H1150) STAINLESS STEEL MECHANICAL PROPERTIES

SOURCE

Property ARMCO a REFERENCE*b

Ultimate Tensile Stress, KSI 145, 135 134, 125

Tensile Yield Stress, KSI 125, 105 115, 100

Ultimate Shear Stress, KSIc

Torsion 124

Double Shear 90. 84d

Shear Yield Stress in Torsion, KSI 42.5 Not provided

Fatigue Strength, KSI

10 million cycles 90

100 million cycles 90

Notes: a. When two numbers are provided in this column, the first is
a typical value and the second is the minimum value.

b. When two numbers are provided in this column, the first
value is that which at least 90 percent of the material
samples will equal or exceed with a confidence level of
95 percent and the second value is that which at least
99 percent of the material samples will equal or exceed
with a confidence level of 95 percent.

c. Values represent the average shearing stress over the
cross section but the method of determination is not
known.

d. Values presented based on 62 percent of the ultimate
tensile stress rather than 68 percent to [e more
consistent with test results obtained for this material
with other heat treatments.

Military Handbook, MIL-HDBK-56, Metallic Materials and Elements for
Aerospace Vehicle Structures, Department of Defense, Washington, D.C.,
15 September 1976.
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The selection of the spar as the primary mechanical unit of the model rotor
blade system structure brought forth the second area of concern in the design
process. This concern was the selection of materials for the airfoil and
skin components so that their combined mechanical influence on the system was
minimized.

This approach has been standard operating procedure for aerodynamic flutter
models for years, where airfoil sections are primarily nonstructural. The
materials selected for the ACR program consisted of a 2-lb/ft3 polyurethane
foam core (both preformed and foamed in place) covered by an epoxy/fiber-
glass skin. Although this basic concept was closely followed during the
design process, some modification to the trailing edge due to mass moment
considerations was required in the final test articles, as outlined later.

The specific design, fabrication, and mechanical acceptance testing
procedures successfully undertaken for the baseline and the ACR model blade
sets are presented in the following sections.

Baseline Blade Design

A design procedure using both the analytical representation values and
experimental test results was completed in an iterative fashion to arrive
at the final design of the baseline blades. This design was based specifi-
cally upon the mass and stiffness properties of the uniform spanwise portion
of the analytical model.

The general procedure related to the design iteration that was conducted is
presented below:

1. Calculate the specific spar dimensions and relative position
with respect to the 25 percent chord line, based on analytical
properties.

2. Design a twenty-four-inch-span test sample of the complete
blade section, using the calculated dimensions.

(Note: The test samples were required because of the unknown
properties resulting from the nonstructural laid-up composi-
tion of the airfoil section. Characteristics such as the
spanwise (El) and torsional (GJ) stiffness values could not
be conclusively established by calculation.)

3. Statically test the sample employing a specially designed
set of test fixtures that use calibrated weights traceable
to the National Bureau of Standards (NBS).

4. Calculate the actual sample properties from the test results.

5. Recalculate dimensions and revise the design, if required.
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6. Construct new or modify existing test samples.

7. Retest to confirm the revised design.

The resulting baseline blade design is shown in Figure 9. The specific
design details of the blade shown include: the 17-4 PH (H1I150) stainless
steel rectangular spar, the cast epoxy trailing edge, the ballast weights,
the two-part polvurethane core, the laidun fiheralass skin, and the two
interchangeable blade tips.

Further discussion of the baseline blade systew design is provided in the
Blade Fabrication Section.

ACR Blade De s _ia

The ,-,CQ blade design procedure was essentially the same general approach as
that for the baseline with the exception of the dimensions of the spar. The
ACR blaae final assembly is shown in Figure 10. /

/
As outlined earlier, the primary feature of the ACR design, which evolve/

during the analysis phase, was a reduction in blade torsional stiffness by
a factor of six. An H-shaped spar cross section was adopted, which permitted
a reduction in torsional stiffness while the flapwise stiffness matched that
of the baseline blade. The spar cross section that resulted from this
approach barely fit within the airfoil contour which led to a problem that
could not !e solved in the context of the model rotor system design philos-
ophy. The proximity of the spar to the skin resulted in an unexpectedly
strong bond betwecn them. This provided a very effective torque box in the
aft porti,rn of the blade and limited the stiffness reduction to a factor of
anroximatc>y four. For the simple static case this implies that a given
twisting moment would produce only two-thirds the torsional deflection that
was origirally nopeo for. This is borne out in the test data, which show
ACR benefits )nlv at the higher thrust levels.

The actual design of the ACR blade closely followed the baseline effort; the
same iteralive procedure was used. Sample blade sections were constructed,
tested, and the design revised until the final configuration was determined.

Further c(taiis of the ACR design are outlined in the Blade Fabrication
Section.

Stress Analysis

In conjunction witn the desijn of both the baseline and ACP. model rotor ')lade
systems, a structural integrity analysis was undertaken. This analysis , as
accomplished to ensure that the resultant designs presented no test hazard to
the Trar:sonic Dynamics facility, the ARES rotor test system. or the as- :
ated teSt personnel. A, an integral part of this stress analysis, a f-, jue
1 im t st,,dv of the dosigns was also cumleted.

No stress lev ls were predicted or measured during the test which presentpd

a hazard or a limitation to the service life of the model rotor systems.
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BLADE FABRICATION

Fabrication Process

The fabrication of the individual baseline and ACR blades generally followed
common foam/epoxy/fiberglass composite hand layup practices. The specific
fabriecation process used is outlined below.

1. Spar Pretwist

The finished machined 17-4 PH (HIl50) spar was mounted in a special
fixture attached to a granite surface plate and the six-degree tip
leading-edge-down twist was achieved by applying a torque (to yield)
at the outboard end. All springback was considered so that the six-
degree pretwist remained with the spar in a free condition. The
pretwist operation was completed prior to drilling the 0.094-inch-
diameter ballast weight roll pin holes in the spar forward surface
to preclude the occurrence of a nonuniform twist distribution.

2. Spar Drilling

Having completed the pretwist operation, the 0.094-inch-diameter
pin holes were drilled in the spar forward surface.

3. Ballast Weights

The individual W2 Kennertium (tungston alloy) weights were drilled
for the 0.094-inch-diameter mounting pins. Additional ballast
weight was required for the ACR design due to the reduced mass of
the H-beam spar. This added weight was attached by bonding lead
sheets between the spar flanges.

4. Ballast Weight Installation

The individual ballast weights were mounted to the spar by coating
each pin and pin hole with fiber resin No. 7014 structural adhesive
and press-fitting the assembly together until the pin bottomed out
in both the spar and weight. This procedure established the proper
weight offset and positively retained the weights to the spar.
Figure 11 shows a tyoical ballast weight installation and Figure 12
schematically illustrates the static test setup used to confirm the
structural integrity of the installation.
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Note: Dimensions Balance Weight

Spar

- 0.094

Figure 11. Typical Balance Weight Installation.

Spar

Cable (Ref)

Notch for Cable

Ballast Wt.

Wt. CG

0.08 -Pin
I -- 0.1175 Pi

Steel Cable

Load Direction

Structural

Epoxy Bond

Note: Dimensions lO0; Calibrated Wt.
in inches.

Figure 12. Balance Weight Attachment Test Setup.

47



5. Blade Instrumentation

One blade of each design was instrumented with flapwise bending,
edgewise bending, and torsional strain gauge bridges located at
the following positions: 18, 29, 47, and 76 percent forward
span.

All gauges were bonded to the spar with Eastman 910 adhesive
and encapsulated with Micro-Measurements polyurethane "M" coat
"A" to environmentally seal the installation. The specific
gauges used were Micro-Measurements No. CEA-O6-125UW-350.
Each bridge consists of four active legs with the individual
elements oriented and interconnected to cancel non-principal
axis strains. The blade strain gauge instrumentation was
terminated with connectors that mate with the existing NASA/
Langley Research Center's ARES model.

6. Airfoil Trailing Edge

To achieve the desired torsional mass moment of inertia, a solid
epoxy airfoil trailing edge was designed into the blade composite
structure. This trailing edge was manufactured by casting Shell
828/DETA 12 percent epoxy resin in the final blade mold. A
special dam was provided to establish the proper chordwise width
of the epoxy trailing edge. This cast trailing edge was allowed
to cure a minimum of 3 days prior to final blade assembly to
insure full strength of the epoxy.

7. Airfoil Foam Core

The foam core of the airfoil consists of two sections. The first
is constructed of prefoamed 2-lb/ft 3 rigid polyurethane foam.
This section fits between the spar aft surface and the forward
surface of the epoxy trailing edge piece. The second section of
the foam core is foamed in place using 2-lb/ft 3 polyurethane
Isofoam. This section extends from the blade leading edge to
the aft surface of the spar, also filling the open areas between
the ballast weights. After attaching the prefoamed section/trail-
ing edge unit to the aft surface of the spar with epoxy resin and
free-foaming the forward Isofoam section, the complete airfoil
core/spar assembly was rough contoured, using a fixture to estab-
lish the basic airfoil shape, twist, and the proper spar location
with respect to the 25 percent chord pitch axis. The rough
shaped blade was then caretully finished to match the 6-degree
linear twisted 23012 airfoil cavity of the blade mold.
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8. Final Blade Finish

The final finish construction of the individual rotor blades
consisted of applying a 0.004-inch-thick fiberglass cloth/epoxy
resin skin to the foam airfoil. This skin was laidup by hand
and the complete assembly was placed into the blade mold. The
mold established the dimensional properties of the airfoil, the
desired linear twist, and the proper location of the spar with
respect to the airfoil 25 percent chord pitch axis, and gener-
ated the required aerodynamically smooth surface. The complete
assembly was allowed to cure a minimum of 36 hours prior to
removal from the mold.

9. Tip Construction

Both the rectangular and swept blade tip designs were constructed
in a manner similar to the main blade section. In each tip, two
aluminum spar plates were bonded to a steel (required for correct
mass and CG) chord plate. This spar unit was then covered by a
free-foamed polyurethane core and hand finished to a close fit
into the proper tip airfoil mold cavity. Once this fitting was
completed, the tip unit was skinned with a 0.004-inch-thick fiber-
glass cloth/polyester resin laminate and allowed to cure in the
mold for 12 hours. Two sets of the two tip designs were fabricated.
Each individual rotor blade (8 blades total) has a fitted rectan-
gular and swept blade tip. Thus, the tips and blades are not
interchangeable. This individual fitting of the tips to each blade
ensures the required tight mechanical fit for structural integrity
and precludes airfoil discontinuity at the attachment joint.

Molds used in the fabrication process were of a wood/fiberglass construction
designed to orovide an aerodynamically smooth final surface while maintain-
ing faithful reproduction of dimensional characteristics. These molds were
constructed by first building an egg-crate structure from marine plywood
with the open portion of the egg crate normal to the mold cavity. The actual
mold cavity was constructed by applying an epoxy gel coat over a hardwood
master blade oattern (described below). This gel coat provided a smooth
defect-free female mold cavity. On top of the gel coat, several layers
(approximately 0.25 inch thick) of fiberglass tooling cloth were laidup with
epoxy resin. The last step in the mold construction was completed by bonding
the egg-crate reinforcing structure to the fiberglass mold cavity. Two such
rotor blade molds, the rectangular tip mold and the swept tip mold, were
constructed in this manner.

A separate mold of 24-inch length, without blade twist, was constructed of
hardwood for the fabrication of the test and evaluation blade sections.
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The construction of the master pattern was based on a series of metal air-
foil templates. These templates, after fabrication, were inspected using
a three-dimensional measurement machine to ensure faithful reproduction of
the 23012 airfoil ordinates. The resulting inspection report indicated that
all of the templates were within a maximum variation of 0.002 inch of
specified ordinates. Using these templates and a fabrication jig that
established the 6-degree linear blade twist distribution, a male hardwood
master blade pattern was constructed. This pattern was laminated so that
warpage was precluded. The master pattern was used to layup all final mold
cavities.

Model Blade Characteristics

The baseline and ACR model rotor blades in their final form were extensively
inspected and tested to ensure that each individual unit met botn the
required mechanical properties and physical characteristics. These tests
included static and dynamic (natural frequency) investigations as well as a
carefully completed weight balance procedure to preclude operational vibra-
tion and tracking problems during the wind-tunnel test. A calibration of
the strain gauges installed on one blade of each design was also completed.
The following section outlines the testing undertaken to establish the final
blade characteristics.

The procedure established was based on a fifth complete blade of each design,
used for final confirmation of the systems. These were the first complete
blades to be fabricated. Construction of the actual four-blade wind-tunnel 7
sets were not started until after acceptance of the test blades. B

The specific testing of the acceptance blades included a series of calibra-
ted static dead weight loadings to establish the flapwise, edgewise, and
torsional stiffness characteristics. These tests were conducted in the
same manner as the sample section tests undertaken during the iterative
design phase. Figure 13 shows a typical setup using the specially designed
fixtures.

Further confirmation of the mechanical properties of the designs through
the use of the completed final test blade was obtained by checking the
natural frequency response. This test setup is shown in Figure 1A, which
depicts the 2-pound shaker attached to the blade root fitting (simulated
pitch housing).

The test blade response was measured using a small (very low mass) acceler-
ometer attached with double-sided tape. The output of the accelerometer/
charge amplifier system was displayed on a multichannel oscilloscope along
with the shaker input signal for monitoring resonance points. Prior to
these tests, the HASTA analysis (Reference 69.) was used to predict the
frequency response of the designs. Table 8 provides a comparison of the
test results for the baseline blade with the prediction. Because of the
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Figure 13. Static Deflection (Spar) Test Setup.
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Figure 14. Vibration Test Setup.
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good correlation obtained between the measured and predicted frequencies of
the baseline blade, only a brief investigation to obtain the measured fre-
quencies of the ACR blades was made. On the basis of this investigation,
which only roughly determined the fundamental frequencies in flapwise and
edgewise bending, it was concluded that the predicted frequencies for the
blades could be used to represent the vibratory characteristics of these
blades. In conjunction with the vibration tests, a careful study was made
of the node points of the various modes. These node points were determined
by selected placement of the accelerometer and visual examination using a
strobe light set slightly off frequency. The strobe light, set a few Hertz
off the modal frequency, allowed the relative moment of the vibrating blades
to be viewed in slow motion. All node points were found to be at or near
the predicted positions.

TABLE 8. BASELINE BLADE NONROTATING FREQUENCIES, HZ

Mode Type Measured Predicted

Ist Flapwise 4.10 4.14

2nd Flapwise 26.30 25.90

3rd Flapwise 73.50 72.70

4th Flapwise 140.00 142.70

Ist Chordwise 14.50 16.70

2nd Chordwise 110.00 704.60

3rd Chordwise 320.00 292.80

1st Torsion 103.00 95.00

2nd Torsion 275.00 285.00

3rd Torsion 455.00 474.90

During the acceptance tests, a great deal of effort was expended to measure
accurately the shear center of the test blades. This undertaking, although
not totally successful because of the problems associated with the inter-
axis coupling of the 8-degree built-in blade twist, did confirm the actual
shear center to be at or near the required 25 percent chord position.
Further confirmation of this axis location was made during the strain gauge
calibration tests.

After the final blade design testing was successfully completed, the two
sets of actual wind-tunnel test blades, along with their interchangeable
tips, were fabricated. All blades and tips were checked out in a similar
manner to assure that no differences existed blade-to-blade within a given
set (e.g., all baseline blades exhibited the same characteristics).
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Balancing of the blade sets was accomplished using a three-step procedure.
The first step matched the total weight of all blades in a test set. The
interchangeable blade tips were also weight-balanced in the same manner.
The final test blades were all within a narrow total variance and required
only minor corrections because of the careful weight matching of all
individual components during the fabrication process.

The second and third operations established the spanwise CG locations for
each blade set. These operations were accomplished by fitting one end of
the blade with a knife edge perpendicular to the pitch axis and installing
a single point support at the opposite end of the blade. The single point
was then placed in the center of the pan of a precision balance and minor
ballasting added to achieve the same cantilevered weight for each blade in
the set. This procedure was completed for both ends of each blade. The
final balancing was completed with the interchangeable tips installed so
that no CG shift occurred because of configuration changes.

The accuracy of this balance procedure was illustrated by the absence of
any balance problems or excessive vibration during both the hover stand and
wind-tunnel testing of the two rotor systems.

During the final acceptance tests of the actual test articles, the instru-
mented blades from both the baseline and ACR sets were calibrated. This
calibration was accomplished using dead weight static loadings and recording
the inch-pound per millivolt per volt output of the strain gauge bridges at
each of the three spanwise locations. These data were supplied with the
test blades at the time of the installation on the ARES test system.
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WIND-TUNNEL TESTS

Test Purpose and Procedures

The purpose of the test program was to evaluate the benefits of the ACR
design concept over a range of advance ratios and thrust loadings. This
evaluation was accomplished by testing both the conventional blade set
(baseline) and the blade set that was designed using the ACR concept at
comparable rotor force and moment condition. Comparison of the test
results obtained with each set then permitted the evaluation of the bene-
fits achieved by using the ACR concept. Prior to the wind-tunnel tests, a
brief program was conducted on a hover test stand to check the operation of
the system and blade track. Both the hover and wind-tunnel tests were
conducted by NASA using the ARES helicopter model in the Transonic Dynamics
Test Facility at NASA/Langley. Figure 15 shows the four-bladed swept-tip
configuration mounted in the wind tunnel. The tape on the leading and
trailing edges was not present during the test. Table 9 presents the
configurations that were available for test and the ones that were tested
during the wind-tunnel tests in a Freon environment.

TABLE 9. TEST CONFIGURATIONS

Test Configuration Rectangular Tip Swept Tip

Four-Bladed Baseline Tested Not tested
Four-bladed ACR Tested Tested
Two-Bladed Baseline Tested Not Tested
Two-Bladed ACR Not Tested

As can be seen from Table 9, just over half of the configurations available
for test were actually tested, based on order, priority, and test time
available.

The data that were recorded and documented during the test programs are
as follows:

Wind-tunnel test conditions: MN, q, velocity, temperature, Freon purity

Six components of steady balance data: NF, DF, FS, Mp, MR, My

Blade flapping motion: Steady and eight harmonics

Blade lead-lag motion: Steady and eight harmonics

Pitch link load: Steady and eight harmonics

Blade collective pitch: Steady and eight harmonics
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Blade II cis

Blade longitudinal cyclic pitch: Steady and eight harmonics
Blade lateral cyclic pitch: Steady and eight harmonics

Blade flapwise bending moment at 18, 29, 47, and 76 percent R:
Steady and eight harmonics

Blade edgewise bending moment at 18, 29, 47, and 76 percent R:
Steady and eight harmonics

Blade torsional moment at 18, 29, 47, and 76 percent R:
Steady and eight harmonics

Shaft angle to airstream

The tests were conducted by flying the model to a prespecified aircraft
trim condition that had been calculated by the C81 computer program.
While these trim conditions are limited by the theory, they did provide a
set of conditions that represented loadings that a rotor system must
develop in flight to trim a helicopter in steady-state operation. In gen-
eral, for a given test configuration, the thrust was increased in steps at
a given advance ratio. At each thrust value, a trim condition was estab-
ished prior to gathering the test data. These experimental trim points
were obtained by manual iteration to the desired combination of forces
which is considerably more time consuming than the traditional procedure
of performing collective pitch and shaft angle sweeps with no flapping.
This procedure substantially limited the number of configurations, thrust
levels, and advance ratios that could be tested, but was selected because
each data point is independent, meaningful, and interpolation of final
results is not required. The prespecified trim conditions were found to
be obtainable with the model up to levels of thrust where blade loads or
power required were considered to be excessive.

Discussion of Experimental Results

Figure 16 presents the basic results obtained for the various configurations
at an advance ratio of u = 0.25, while Figure 17 presents similar results
at u 0.35. In comparing the results for the four-bladed configurations
for u = 0.25, it can be seen that for CT/a's less than 0.10, the baseline
blade had performance characteristics superior to either of the ACR
configurations. Above CT/a = 0.10, however, the performance characteris-
tics of the baseline rotor configuration deteriorate rapidly and both ACR
blade configurations become increasingly superior as the thrust increases.
At a CT/O of 0.1125, for example, the ACR swept-tip configuration develops
the same thrust as the baseline blade while using only about 70 percent of
the horsepower. While the ACR blades with the rectangular tip have better
performance characteristics than the baseline blaJes above a CT/O of 0.10,
they are inferior to the ACR configuration with swept tips. In comparing
the apparent stall-induced power losses for the three four-bladed config-
urations, it can be seen that they start to occur at a CT/a of approximately
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0.090 for the baseline blade, at 0.095 for the ACR rectangular tip config-
uration, and are not noticeable for the ACR configuration with swept tips.
The ACR blades with swept tips were not tested to high enough values of
CT/ so that the point at which the power loss due to stall becomes notice-
able could be determined. It is apparent from the data obtained, however,
that the CT/a at which this would occur with the ACR swept-tip configuration
is much higher than that obtained for either the baseline blades or the
rectangular-tip ACR blades. The performance crossover point would probably
occur at lower values of CT/a for ACR blades with the originally desired
torsional stiffness.

The results obtained for both of the two-bladed configurations at a 1 = 0.25
(Figure 16) indicate that their nondimensional performance characteristics
are superior to any of the four-bladed configurations. For example, at a
CT/G of 0.095 the two-bladed baseline blade with rectangular tips uses 16.5
percent less nondimensionalized power than the four-bladed baseline con-
figuration and the two-bladed ACR design with swept tips uses only 60 per-
cent of the nondimensionalized power required by its four-bladed counter-
part. This significant increase in performance is believed to be due to
the more favorable wake environment of the two-bladed rotor configurations
due to blade/vortex spacing and the reduced rotor thrust. It is also
apparent that at p = 0.25, the ACR blade interacts with the wake in a more
favorable manner than the baseline blade since the two-bladed ACR configur-
ation shows more than twice the benefit of the baseline design over their
four-bladed counterparts. Based on the limited data that were obtained
with the two-bladed configurations, both the baseline and ACR blades seem
to indicate the effects of stall at the highest value of CT/O that was
obtained. This characteristic is different than that obtained with the
four-bladed ACR configuration having a swept tip. A complete assessment
of the effect of number of blades with regard to ACR would require testing
of a two-bladed configuration with twice the chord and testing well into
stall to establish performance limits.

At an advanced ratio of P = 0.35, the performance characteristics of the
various rotor configurations show similar trends to those obtained at
P = 0.25, but with some significant differences. The four-bladed ACR
swept-tip rotor again has poorer performance characteristics at CT/a's less
than 0.095, but the trends indicated by the data show that the ACR design
will have significantly improved performance characteristics over those of
the baseline blade above a CT/O of 0.095. At P = 0.35, test data were not
obtained at as high a CT/o as w = 0.25, so definitive trends of the rotor
performance at the higher thrust coefficients could not be evaluated. A
major difference in the performance characteristics of the four-bladed ACR
with the rectangular tips was obtained at = 0.35, in that its performance
characteristics were inferior to those of the ACR swept tip over the entire
range of CT/J's for which data were obtained. Inspection of the data did
not reveal any obvious reasons for this significant change in the performance

characteristics between v = 0.25 and p = 0.35.
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While the two-bladed configuration had superior performance over their four-
bladed rounterparts at P = 0.35, it is noted that the baseline blade had
better p2rformance characteristics than the swept-tip ACR design; this is
just the opposite of their relationship at p = 0.25. Again, the reason for
this significant difference could not be found by analysis of the data.

A major conclusion that can be reached from the data presented in Figures
16 and 17 is that the benefits achieved by the ACR design with the swept
tip at the higher coefficients of thrust were those predicted by the theo-
retical design analyses conducted early in the research program. While
significant benefits were obtained with the ACR rotor configuration, greater
benefits might have been demonstrated if the rotors had been constructed
to achieve the full stiffness reductions upon which the theoretical blade
designs were based.

Figure 18 presents the performance data in a slightly different format,
which more clearly portrays the rotor efficiency as a function of the rotor
thrust. At 0 = 0.25, CT/CQ is about constant over the range of CT for
which data were obtained for the ACR design with swept tips, while CT/CQ
continually decreases as CT increases for the ACR design with the rectangu-
lar tip and for the baseline rotor. At P = 0.35, CT/CQ increases with CT
for both of the ACR designs, while only the baseline rotor system shows a
decreasing efficiency at the higher values of CT. While the maximum value
of CT/CQ is less at P = 0.35 than it is at P = 0.25, the maximum values of
CT/CQ are significantly greater at both advance ratios when compared with
those reported in References 15 and 16 for other ACR blade designs. When
comparing the data at ,, = 0.35 with that of P = 0.25, it is apparent that
the ACR aesigns might also be significantly better than the baseline blades
at the higher thrust coefficients at 'P = 0.35. That these benefits occur
only at high blade loadings is directly attributable to the ACR blades
higher than desired torsional stiffness.

The oscillatory flapwise bending moments at 18 percent of radius as a
function of the thrust for the various blade configurations are presented
in Figures 19 and 20 for o = 0.25 and P = 0.35, respectively. In comparing
the results at P = 0.25 and v = 0.35, it can be seen the general trends of
the oscillatory bending moments as well as their magnitudes are signifi-
cantly different at the two advance ratios. At P = 0.25, the oscillatory
bending moment continually increases with increasing thrust, but at = 0.35,
the moments seem to reach a maximum value at an intermediate value of thrust
and then start to decrease as the thrust is increased further. Since the
differences in trends are apparent for all configurations for the two
advance ratios, they must be attributable to the difference in the aero-
dynamic environment in which the blades are operating rather than the
blade design. Additional data at closer intervals and at higher thrusts
are needed to firmly establish the trends of the flapwise bending moment
with thrust at P = 0.35. It is also noted that the magnitude of the oscil-
latory bending moments are significatly higher at V' = 0.35. While this is

15. Blackwell, R. H., INVESTIGATION OF THE COMPLIANT ROTOR CONCEPT, Sikorsky
Aircraft; USAAMRDL TR 77-7, Eustis Directorate, USAAMRDL, Fort Eustis,
Virginia, June 1977, AD A042338.

16. THE DEVELOPMENT AND APPLICATION OF AN ANALYSIS FOR THE DETERMINATION OF
COUPLED TAIL ROTOR/HELICOPTER AIR RESONANCE BEHAVIOR, RASA Division,
Systems Research Laboratories, Inc.; USAAMRDL TR 75-35, Eustis Directorate,
USAAMRDL, Fort Eustis, Virginia, August 1975, AD A014989.
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to be expected, the relative magnitudes of the oscillatory bending moments
for the various blade configurations at p = 0.35 are significantly different
from those which were noted at p = 0.25. At the highest value of CT/a
obtained at P = 0.35, the bending moment of the ACR swept tip configuration
is only 80 percent of that of the rectangular ACR tip configuration, while
at P = 0.25 they had approximately the same value. At that same value of
CT/G, the oscillatory moment of the baseline blade was 20 percent higher at
P = 0.25, but 40 percent lower than the ACR rectangular tip design at P =
0.35. The reason for this significant shift in the relative magnitudes of
the oscillatory bending moments could not be determined from the analysis
of the data.

Similar results and comparisons are noted for the oscillatory edgewise
moments measured for the various configurations at P = 0.25 and 0.35; these
data are presented in Figures 21 and 22 respectively. It is noted from a
comparison of the data in Figures 21 and 22 that the trends of the oscilla-
tory edgewise bending moment are the same at P = 0.25 and p = 0.35; i.e.,
oscillatory bending moment increases with increasing CT/a. It is also
noted that while the oscillatory bending moments at p = 0.25 are approxi-
mately the same, at p = 0.35 the oscillatory bending moment of the ACR
swept-tip configuration and the ACR rectangular tip configurations are
approximately 40 percent and 90 percent higher, respectively, than the
baseline configuration.

The oscillatory torsional moments for the three different configurations
at advance ratios P = 0.25 and P = 0.35 are presented in Figures 23 and 24
respectively. At P = 0.25, the oscillatory torsional moment is approxi-
mately the same for all blade configurations and increases with increasing
thrust. However, since the torsional stiffness of the ACR blades is
approximately one-fourth of that of the baseline blades, the oscillatory
deflections of the ACR blades are on the order of four times that of the
baseline blade.

At P = 0.35, the oscillatory torsional moments of the baseline and ACR
blades with the rectangular tips increase with thrust, while those of the
ACR swept-tip design tend to remain constant or to decrease slightly. An
attempt was made to correlate the difference in behavior of the oscillatory
torsional moments (deflections) between P = 0.25 and p = 0.35, with the
differences noted in the flapwise and edgewise oscillatory moments, but no
definitive correlation could be established.

The oscillatory bending and torsional moment data obtained for the two-
bladed baseline and ACR swept-tip rotor designs at P = 0.25 and P = 0.35
are shown in Figures 25 through 27. In comparing the two-bladed data with
the four-bladed data, it can be seen that the oscillatory magnitudes of the
moments and the trends with thrust and advance ratio are approximately the
same. This observation indicates that, while the data was limited in this
test series, the noted trends of experimental data are probably correct.
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THEORETICAL/EXPERIMENTAL CORRELATION

A very brief analysis of the correlation between experimental results and
predicted results using measured blade properties was undertaken for an
advance ratio of P = 0.35. The results of the predictions for the three
rotor configurations are presented in Table 10. The two baseline rotor
configurations chosen were associated with a nominal thrust condition and
a higher thrust condition while the one ACR configuration analyzed was
associated with the higher thrust condition.

If the predicted results are superimposed on the plots of the experimental
data presented in Figure 17, the trend of the variation of the thrust
versus torque for the baseline blades is approximately the same for both
experimental and theoretical. The predicted torque for a given thrust,
however, is approximately 25 percent higher than that measured. It was
previously noted in the discussion of the experimental data that the ratio
of CT/CQ measured for the baseline blades seemed high and was approximately
25 percent higher than that measured for other conventional rotor systems.
Since the model torque measurements seem unrealistically low, it is not
believed that the theoretical results are necessarily in error as one might
first assume.

The one point for which a correlation of predicted and measured results was
made for the ACR swept tip configuration also indicated that the predicted
torque requirements were less than the measured value. The over-prediction
of the torque, however, was only 11 percent for this configuration. It is
noted from the data presented in Table 10 that a 0.60-degree change in the
collective pitch angle at the three-quarter radius position used in the
analysis would result in a near-perfect correlation of predicted and
measured results.

As noted in Table 10 for the ACR swept-tip configuration, a set of calcu-
lations were conducted using linearized aerodynamics instead of the non-
linear aerodynamics used in the previous sets of calculations. It can be
seen from the results presented that the use of linearized aerodynamics,
while improving the predicted performance characteristics, did not yield
a significant increase in the performance results. This observation
indicates that for the test cnpdition analyzed, the rotor system was not
operating near its limits. This conclusion is confirmed by the experimen-
tal data presented in Figure 17.

There was some concern during the performance of the program that since
the ACR blades were designed for use with a rotor system that did not have
pitch-flap coupling, the test data obtained using a rotor head system that
had pitch-flap coupling might not yield the desired results. It was
determined from the results of analyses conducted using the measured blade
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and rotor parameters that while the pitch-flap coupling did have an affect
on the results, it was only on the order of a few percent and thus did not
significantly affect the predicted/experimental correlation.

Since a significant amount of theoretical/experimental correlation was not
conducted, it cannot be stated whether or not the predictive analyses used
were adequate to predict the performance characteristics of advanced rotor
systems such as the ACR. It can be stated, however, that the design changes
incorporated into the ACR blades on the basis of.the results predicted by
the analyses did yield a significant measured beneficial effect. The
degree of the beneficial effect was close to that which was predicted.
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CONCLUSIONS AND RECOMMENDATIONS

It is believed that the primary purpose of the research investigation was
met. It was demonstrated both theoretically and experimentally that the
use of the ACR concept can result in significant performance improvements.

The following specific conclusions and recommendations were also reached
during the performance of the investigation:

1. At an advance ratio of P = 0.25, the four-bladed ACR
rotor with swept tips had a significant performance
benefit for CT/O greater than 0.10 over the baseline
blade or the ACR blade with rectangular tips.

2. At an advance ratio of P = 0.25, the ACR blades with
swept tips showed no effect of stall up to a CT/a of
0.110. It is recommended that this configuration be
tested to higher thrust values to determine the limits
of efficient operation.

3. At an advance ratio of P = 0.25, the two-bladed rotor
configurations showed a significant performance
benefit over their four-bladed counterparts. It is
believed this performance benefit is due to a more
favorable wake environment. It is recommended that
additional data be obtained to more adequately
define their performance characteristics, particularly
at higher values of thrust.

4. At P = 0.35, the ACR blades with swept tips also
indicated a performance benefit over the baseline
blade and the ACR blade with rectangular tips. It
is recommended that these configurations, particularly
the ACR blades with swept tips, be tested to higher
values of thrust in order to determine their
practical performance limits.

5. At an advance ratio of P = 0.35, the two-bladed
configurations showed significantly greater performance
benefits over their four-bladed counterparts than they
did at P = 0.25 for the same blade loading.

6. At p = 0.35, the two-bladed baseline blade was superior
to the ACR swept-tip blades. Since this result is
unexpected and different than it was at P = 0.25,
it is recommended that additional data be obtained
for these configurations in order to better define
their performance characterstics, particularly at
higher values of thrust.
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7. While only a very limited theoretical/experimental
correlation was undertaken, it is concluded that
the predictive analysis used in this investigation
might adequately predict the performance and dynamic
characteristics of advanced rotor configurations
such ans the ACR. It is recommended that further
correlation studies be conducted for the data that
were obtained during this research investigation.

8. Since the data obtained during the tests indicate
that some very beneficial effects were achieved with
the ACR designs, it is highly recommended that the
various blade configurations be more extensively
tested so that sufficient data can be obtained and
analyzed to determine the performance limits of the
ACR designs and the design features that made these
improvements realizable.
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LIST OF SYMBOLS

AC Aerodynamic Center

CG Center of Gravity

CMo Pitching Moment Coefficient due to Camber

CQ Rotor Torque Coefficient Q/ 7 R2 (QR)2R

CT Rotor Thrust Coefficient T/7R
2 ( R)2

FD  Drag Force lb

FS Side Force lb

Hz Hertz-cycles/sec

MN  Mach Number

Mp P Pitching Moment-in.-lb

MR Rolling Moment-in.-lb

M Yaw Moment-in.-lb

NF Normal Force-lb

Q Rotor Torque-in.-lb

q Dynamic Pressure -lb/in
2

R Rotor Radius -in.

r Local rotor radius in.

RPM Revolutions Per Minute

T Rotor thrust-lbs

V Free Stream Velocity-in./sec

a C Increment in Collective Pitch Angle - deg

1 Advance Ratio

p Density of Air-slugs/in.

Rotor Solidity-ratio of the total blade area

to the rotor disc area

Rotor Rotational Speed-rad/sec
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