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Statemente and opinions contained herein are those of the authors
and are not to be construed ae reflecting the views of the Cepartment of
the Army or the cosponsors of this Symposium--The U, S. Arn;xy
Transportation Research Command or Cornell Aeronautical Laboratory, Inc.
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FOREWORD

Rapid advances made in helicopter and V/STOL aircraft development
during the past few years have created many new and unique design require-
ments, In the field of dynamic loads, in particular, an increasing number
of problems have required fundamental research in mechanics, aeromechanics,
and physics to acquire the understanding necessary for the development of
satisfactory methods of solution. Specific research has resulted in significant
advances in the '"state of the art'' of prediction techniques for dynamic loads
on helicopter and V/STOL aircraft., The objecuves of this Symposium are to
aid the dissemination of the latest research results and to provide a timely
opportunity for open discussion among specialiste in the field of current and
future "dynamic load problems associated with helicopters and V/STOL
aircraft',

In keeping with these objectives, the first two days of the Symposium
are devotad to the presentation and discussion of specific technical papers
on various aspects of dynamic load problems which run the entire gamut
from basic ressarch to design methods, In addition, » third day is provided
for a review of the current and future dynamic load problems by panels
composed of outstanding representatives from the helicopter and V/STOL
aircraft industries,

The proceedings of this Symposium have been bound in three volumes =
one volume for each day of the general meetings, and one for the panel meetings,
We are indebted to the authors for preparing their final manuscripts in a form
that could be cdirectly reproduced. This material was published herein as
provided by the authors and was neither checked nor edited by CAL or TRECOM,

The sponsors of the Symposium are grateful to the many people who
contributed to ite success. In particular, our thanks go to Colonel N, A, Gage,
Jr., Commanding Officer, U, S. Army Transportation Research Command,
and Mr, H, A, Cheilek, Vice President - Technical Director, Cornell Aero-
nautical Laboratory, Inc,, who opened the sessions; to Major General W, J.
Ely, Deputy Commanding General, U, 5. Army Materiel Command, for his
address at the Symposium dinner; to the four session chairmen —

Mr. B. Kelley, Bell Helicopter Company

Mr, W, Gerstenberger, Sikorsky Aircraft Division of the
United Aircraft Corporation

Mr., R, Boswinkle, National Aeronautics and Space Adininistration,
Langley Field
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and to the two panel chairmen —-—
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Mz, J. G. McHugh, Chief, Aeromechanics Group, U, 8. Army
Transportation Research Command

Mr, T, R, Ealdwin, Developinent Division, Army Materiel Comrand

and most especially, of course, to the authors and panel members without
whern there could not have been a symposium on dynamic loads.

SYMPQOSIUM CHAIRMEN

Richard P, White, Jr. (CAL)
John E. Yeatea (TRECOM)
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DYMAMIC LOADS IN A RIGID ROTOR
FROM FULL-SCALE WIMD-TUNNEL TESTS

1.F. lohnston, J.E. Rhodss, and R.H. Cotton
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DYNAMIC LOADS IN A RIGID ROTOR FROM
FULL SCALE WIND TUNNEL TESTS

J. F. Johnston, Manager, Flight Dynamics Department
J. E., Rhodes, Group Engineer, Helicopter Dynamic Loads
R. H, Cotton, Research Specialist, Flight Analyses

INTRODUCTION

In setting up the high speed rigid rotor research program on the
XH-514, it was soon recognized that a wind-tunnel test program prior
to flight would expedite and increase the safety of the flight test program,
With the aid of BuWeps, TRECOM, and NASA personnel, it was decided
that a full-scale test using as much as possible of the flight hardware
would be most advantageous. In addition to verifying and/or improving
the loads, control, and performance prediction methods for the rigid
rotor, such a test would also provide a good checkout of the flight
components. Accordingly, theas tests were conducted in the NASA Ames
40 x 80 foot wind-tunnel in two phases during February and Augu sty 1962,
Thie paper discusses the dynamic stability and dynamic loads aspects of
those te sts,

Additional material relative to the XH-~51A rigid rotor research
helicopter is availabls in References 1, 2, and 3. Reference 1 covers
s ome of the basic design considerations, particularly in the dynamics
area, Reference 2 the loads prediction methods, and Reference 3 is an
overall progress report on the research program up to May 1963.
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BACXGROUND

During the CL-475 program a whirl tower test method for the rotor system
had been evolved which contained fuselage pitch and roll representation, Figure l.
In essence the rotor was mounted on an inertia frame which represented the
fuselage. This simulated fuselage contained all the rotor controls and a pilot's
seat from which the rig could be controlled in a manner similar to that on the
actual flying machine. Power to the rotor was fed from an external source. The
inertia {rame was gimbaled to a fixed frame rigidly attached to the deck. The
pilot on the whirl tower was thus able to apply given lifts, pitch and roll about the
gimbal. While this proved an excellent tool for checking rotor atability and control
characteristics in hover the essential slement of forward velocity was missing.

The rotor blade was fully instrumented and it was proposed to go up in
speed on the vehicle in small increments carefully monitoring loads and stability
trends at each step.

The problem presented in this approach was the fact that one of the more
critical areas, transition, was approached almost instantanzously in the 15 m»h to
35 mph range (Figure 2 shows the typical cyclic load plot vs. speed), To provide
coveragé in this ri3nge an Electra turboprop aircraft was run in front of the whirl
tower. This gave up to a 40 mph slipstream which although socmewhat turbulent
provided the necessary assurance. The pilot was able to fly the rig in this
turbulence without difficulty. It was from these early sxperiments that the potential
of ground testing in the wind tunnel became apparent.
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NASA AMES 40 X 80 WIND

TUNNEL TEST PROGRAM

CL.-475 experience had indicated one very important factor. In-plane and
higher. frequency loading levels and stability chapacteristics depended on the rotor-
body interrelationship. The more dynamic analysis would progress the greater
the realization that the rotor was not an entity on it8 own. The dynaraic system
was interdepeandent (Reference 1), With the heip and guidance of NASA, TRECOM
anl BUWEPS personnel an ambitious program for testing the XH-51A rotor-body

sviatem was evolved, The ground rules were as foliows:

1 @5 @a o oEs B OSS

(2) The rotor-body dynamic relatiorchip should be simulated to the
degree to make load level measurements meaningful.

e

(b) The control system including the prime stability items should be
represented,

(c) The complete system would be flown with only translation movement
restricted, The control system was to be similar to that of the vehicle,

(d) Provisions should be made for varying prime control characteristics.

e e=

(e) Complete load measuring instrumentation would be provided.

(f) The rig would be designed to allow its complete functional check out
before inatallation at AMES,

==

The success of the program was dependent on three prime items.

(1) Aerocdynamic simulation

oo B e

{2) Dynamic simulation
(3) Ability of the control personnel to be able to fly the rig from a remote
atation.

o]

The only question with respect to aerodynamic simulation was the effect of the tunnel
walls and possible free stream turbulenca. This problem can best be understood by
comparison of the item to be teated to the tunnel size. Figure 3 shows the rig
mounted in the tunnel. In retrospect, aerodynamic simulation proved to be excellent
except at very low speeds and hover, In hover the rotor tunnel wall effects created

considerable turbulence. This problem was overcome Dy wWinng ke :ivius is a
10~degree nose down attitude to provide down stream flow.
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Dynamic simulation, at first very ambitious, had to be modified for
practical reasons and for some of special stability problems associated with the
test rig. These will be discussed later.

DESCRIPTION OF TEST RIG

Figure 4 shows the final test rig. This rig could be mounted either on a
support structure for whirl tower testing or on the AMES tripod electric driven
shaft system. The pitch, roll and collective contrel systems were operated by
electric actuators; the control of these actuators was outside the tunnel in a
control station, The mount system freedom was of prime importance for dynamic
#imulation., Figure 5 shows the initial objectives and those finally used.

A fuselage having the external shape of the XH-51A was mounted on the
inertia frame, the object being to obtain as much information on aero charac-

teristics as possible from the tunnel tests.

INSTRUMENTATION

The bilade wae instrumented to cbtain *he blade flap moments at seven
spanwise stations and tiie chord or in-plane moments at five atations, At any one
time the complete spanwise bendings on one blade were obtained along with the
zoot bending momsnts on the other two blades. All blades were strain gauged so
they could be hooked up at any time. Figure 6 shows the locations of the loads
messuréments on the hub and blades,

TEST PROGRAM

m baad wwnmvame s wlawmod ba nncenw dha dmwan s ol 2 |V SRR .
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DYNAMIC STABILITY CONSIDERATIONS

Early consideration of whirl-tower and wind-tunnel testing indicated two
distinct areas in which the stability of the gyro=-controlled ri gid rotor would be
compromised by the conditions of test. These problems were confirmed during
the testing and a third wag found. Fortunately, solutions were available for

2ach problem that would not compromise obieining valid rotor dynamic loade data.

Whirl-Tower Mode - The first problem area was dubbed the "whirl-tower

mode’, It arose from the use of a remote power source to drive the rotor. A

universal joint coincident with the body gimbal center was prcovided in the rotor
drive shaft to permit th” body to pitch and roll.

If the body and rotor are moved in roll {for exan\ple) the resulting moment
system due to the drive torque is shown in Figure 8. {

The displaced rotor shaft absorbs the lower shaft drive torque partly as
torque in the displaced plane of rotation and partly as a moment bending the upper
shaft forward - a pitching moment if the rotor and shaft are displaced in roll,
or a rolling moment if the rotor is pitched. Since the rotor is flexible, the upper
sitaff will tend to pitch in the direction of the unbalanced moment. This will
slowly precess the gyro in pitch, due to friction and other moments which are
slways at work tending to erect the control gyro normal to the rotor shaft. Thus
the gyro and rotor will have an angular velocity in phase with }he applied moment.
If the body is free in both pitch and roli about the gimbal s, the aystem is
spirally unstable in an advancing mode, the rate of spiral divergence being
proportional to the rotor torque and the characteristic eraction time of the gyro.

Inasmauch as this 'whirlitower mode" did not chow up in the whirl-tower
tests of the rotor system for the lower-powered CL-475, it was hoped that the
higher-powered XH-51A system would also be relatively frae of it., Howaver,
the spiral instability occurred during early nigh-lift, high-power tests. Kecovery
was made by caging the body. Further difficulty wae avolded by stiffening the
body mounting in roll, lsawing it free to pitch. The roll control inputs wezre there~
aftexr based on roll momento rather than roll attitude idication.




It should be reiterated that the "whirl-tower mode! is associated with a

remote drive, and cannot occur in free flight.

Wind-Tunnel Pitch-Up - The second area in which the difference of teat
conditions from free flight introduced stability proble...s was the pitch stability
in the wind tunnel at forward speed.

In the wind tunnel, pitch attitude is synonymous with angle of attack,
whereas in free flight the freedom in plunge makes it necessary to maintain a
pitch rate in order to maintain an angle of attack other than that for steady
flight,

Pitch stability in the Lockheed rigid rotor system is obtained from the fact
that the control gyro tends to remain fixed in space, so that a change ir rotor
attitude produces a corrective feathering input. The gyro will however, precess
gslowly to erect nornal to the shaft, slowly removing the corrective input. In
free flight this erection rate is small compared to the rate of pitch required to
maintain an out-of-trim angle of attack, with the result that the vehicle is
stable with respect to angle of attack. In the wind tunnel, h~wever, this erection
r'a:femé'roduces a slow divergence. It was assunfed that the operator controlling
rotor attitude could handle -this slow divergence satisfactorily. The control
rates available were slow enough, however, to cause the operator considerable
trouble. During a 75-knot run it became necessary to cage the system duz to
& pitch-up. The ramainder of the tests at and above 75 knots were run with the
‘}'tféﬁ:; caged, although it later became necessary to reduce the caging stiffnees
in pitch in order to provide the sofution to the third potential dynamic instability
associated with the wind tunnel test conditions.

Regrossive Whirl Mode - Thea characteristic wobblse of a gyroscope will
be in an advancing or regressing mode depending on whether the forcos acting
on it are destahilizing or stabilizing, respectively. A toy gyroacope spinning
atop a table {force of gravity destablilizing) will wobble in the sarmue direction as

fte wotation wherese ths zamms SoTTIliES Suspoudeu Leluw B wiring {force Of

gravity stabilizing} will wobble in a direction opposits its rotation after a disturben«e.

In changing by stages {rom a aystem free in both roil and pitch to & system
resirained about both axws, the characterisiic dynamic motion of the rotor had

6
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changed from an advancing mode characteristic of free flight to a regressive mode.
The effect of this change begah to appear in testing at 100 knots at a 10-degree

nose down attitude, when a beat frequency began to appear in the traces of the
blade chord hending. .A typical trace is shown in Figure 9. Inasmuch as the beat
frequency was very close to the regressive chord bending frequency as seen in

the non-rotating system, it was concluded that the trace indicated an incipient
dyramic instability. The boundaries for these occurrences, in terms of rotor

attitude versus speed, are shown in the lover part of Figure 3.

Fortunately, dynamic analyses of the wind tunnel test conditions were in
process at the same times, Thease analyses showed the possibility of such an
inata};ility. More importantly, they showed how to cure the instability. The
results are given in Figure 10, showing the system stability as a function of the
bedy pitching frequency against the wind tunnel balance tripod, The system is
stable for all body pitch frequencies below 1.6 cps, and unstable for all higher
frequencies. The cut-off frequency of 1.6 cpa is the regressive chord bending
frequency as seen by the body. At suppo.t frequencies below 1.6 cps, the body
would pitch out of phase ‘with the chord bending, and the regressive whirl mode
pattern would be broken up. The support stifiness was then modified by placing
rubber blocks on the balance tripod platform against which the body was pulied
by the caging cylinders, and adjusting the spacing of the rubber blocks until the
body pitch frequency was reduced to 1. 5 cps. This minimum margin of 0.1 cps
wa s sslected in order to maintain the maximum possible pitch stiffness

{approximately 150, 000 ft. lb, per radian), znd bacause the physical relation-

olips indicated by the dynamic analysis made good sense. From this point
testing proceeded up to the maximum speed with no further dynamic problezas.

Adeguacy of 8imulation - From these expcriences it can be concluded that
the low-frequency dynamice of the rigid-rotor helicopter cannot e simulated
with &« restrained mcdel in the wind tunnel, The simulation improves for frequencies
ibove the body restraint frequencies; inasmuch as the phase of the body response
bscomes similar to free flight. The relative amplitudes of body-rotor interactions
are normally satisfactorily simulated at {requancies above twice the body
regtraint frequoncy.

With respact to the rotor dynemic loade for ateady flight coaditions -
level flight at eny shmulsted gross weight, drag, or longitudinal or lateral ¢.g.
displacem ent ~ thé. simulation s very good, The IP vertical bendiang acoursately

veflects the binde loeds dus to steady body rmomenta, The IR in.plans bending
?
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requires no body reaction and is thus independent of the conditions of restraint.

The 2P and 4P vertical and in-plane blade loads in a 3-blade rotor are reflected as
3P to the body, which is well above the body restraint frequency. Normally these
blade loads will be well simulated if the body-rotor springing is simulated, although
the body responses are more open to question,

The 3P blade loads are coliective in a 3-blade rotar, The vertical bending is
most important, inasmuch as the aerodynamic input is appreciable and the blade
second bending frequency is near 3P. Analyses indicated that a# long as the body
_a?peared massive to the rotor, the degree of massiveness had little effect on the
blade 3P responses in the runge investigated, which was from one-quarter to full
effective body mass, Vertical springiness batween the rotor shaft and the body
may, however, bave a strong effect on the blade loads. Proper simulation is
important if this connection is relatively flexible.

The 3P in-plane responses were not properly simulated because of the
high inertia of the drive mechanism, but these have proved negligible both in
flight and in the wind tunnel,

ROTOR DYNAMIC LOADS

The methods used in loads prediction work was based on Reference 2. The
level flight loads are dependent on:

1. Body moment due to certer of gravity offset and aerodynamic
pitching moment.

2." Vehicle attitude and speed which dictate ccllective and cyclic
blade zngles.

in the Ammeés tunnel the attitude of the vehicle was set by tilting the tripod
Fuvini,  ific #iiiuds was DROSCG ON AN ABBUMSA Grfg LOT tne vehicle. A check on
this drag from tunnel balance measurement was difficult due to the large tare
drag of the tziped, In order to provide a complets coverage the vehicle attitude
was varied at each épsed point up to 120 knots.

‘In coinparing predicted, in-flighe, and Ames data it ehould be realized that

‘ bm%mga&*whiele condition which is ldentical for all thrée in tovms of body

faoraent, iift, epsed, drag, ote. i& not slways possible, The load levels horefors,
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can only be thought of as general trends as a function of speed. At Ames, for
sxamplie, the operators had to t(im out both pitch and roll moments using an
indicator linked to the load calls. At the instant of taking the record, there was
often quite & high level of body moment laft untrizmamed.

In spite of these variables the plot of cyclic in-plane moments at the hub
versus spsed, Figure ll, shows good agreement with predict%d vzlues, These

. )

valugs are predominently one per revolution and first mods,

CGood sgreement with the one per r%‘volution first mode flapping and
steady flapping was obtained when full consideration was taken of the body
moment and lift for the particular condition. Fijure 12 shews the 1P flapping
moment distribution comparison between measured and predicted values.

Loads prediction for the 2P, 3P, and higher harmonice was iess sophisti.
cated at the time the wind tunnel tests were made, 1nasmuch as the levels
é':'c%z:é&;}oiafeé Ean G1e4Ts Sﬁﬁgiience inatdated Hut B théy i wote of Teas importance
to rotor fatigue than the effects of c.g. offset and fuselage aerodynamic mornents,
The early analyses did not include considerations of vortex shedding &t low
speed or of the energy admittance of the harmonic airloads into the higher modes

of blade bending.

Figure 13 shows comparisons of the hub 2P and 3P flapping moments vs.
speed. The 2P moments measured in the tunnel were generally higher than
predicted, These moments were effectively removed in the flight article by
providing a shaft mounting frequency below 3P. This resulted in a 17% reduction
of the pitch stiffness of the body relative to the rotor plane, This elimination of
the 2P blade loading is an example of the importance of the hody-rotor dynamic
interactionp, Referencel.

The 3P hub flapping moments were found to be of consequence throughout
the flight regime. The rlight results are in general agresment with the wind-
tunnei up to 10U knots, and inaicate a higher rate OI inCrease apove Ihat spssd,

Body-rotor dytmmic interaction is prime importance in thie 2% gnd 3P
dynamic rekponse. The XH-51A Rotor has o second mode flapping freguency
very noar 3P as shown in Figure 14, The exset phasing and combinad feaguency
is depsndent on the mass springing below the rotor, Higure 15 which is extracted
from Reference 1 shows thie relationship,

9
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A reasonabls tolerance on the higher frequency loadings is accaoptable, as.
they contribute less than 50% of the total cyclic moments causing fatigue damage.
Figure 16 shows the total cyclic ilapping moment at the hub versus apeed measured
at Ames, and the contribution of the 3P component,

FULL SCALE VS, MODEL TESTING

The prime advantage of fuli-scale wind-tunnel rotor testing as compared
with testing at model scale is that actual flight hardware is tested, minimizing
the difficulties in iaterpretation from wind tunnel to flight results,

Aside from the obvious advantages of testing at true Reynolds and Mach
numbers, the full scale hardware has the further advantage of including the true
effects of the non-linearities due to friction and dynamice of the various mechanisms,
Mechanical malfunction is often the t2igger for catastrophic failure. A good
overall dynamic desigr. can be ruined by poor mechanical detail, Full scale testing
is the only way to cover this important area., The Ames test uncovered two
important probloms in this categoxy.

The first wae the failure of & blade due to the separation of & poorly bonded
leading edge balance as described in Reference 3, This failure led to complete
redesign of the biads to provide redundancy and inspectability in the blade-hub
system. The discovery of this weakness alone justified the full scale wind tunnel
program,

A second less catastrophic discovery involved the feathering bearings. In
surveying the negcords, the feathering angle trace show&zi«a.ﬂat top to the sine
curve, Examination of the bearings showed that they tended to seize dusto locking
of the needles in the roller bearings. The dasign was immsdiately impproved to
correct the situaﬁ,on'.

The bearing sticking would bave shown up in the flight vehicle as poor and
arratic dynamie characteristics, The true cquse:, might have bsen difficult to
trace in flight tests because of the reduced instrumentation possible in the flignt
vahicle.

1)
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The prime disadvantage of full-scale rotec testing lies in the large rotational
energy in the rotor, making the tests always somewhat hazardous., For this reason,
no testing in known hazardous areas, such as fully developed retreating blade stail,
was planned. The exploration of hazardous areas is better done at model scale where
the dinger to test personnel can be orders of magnitude less, and the cost of the
many replacement parts likely to be required is correapondingly less,

CONCLUDING REMARKS

In reviewin, this experience of testing the XH-51A rigid rotor up to 160 knots
in the NAS/Z. Ames 40 x 80 {oot wind tunnel, it was co:.~luded that the prime objectives
had been achieved. The hardware had been wrung out and important mechanical
deficiencies had been found and corrected. Proof and further understanding of
the fundamental dynarnic behavior of the system, within the }imits imaposed by the
necessary wind tunnel restraints, had been obtained. The blade dynamic loads
assaciated with ateady flight hand been determined.

Should all new rotor aystems be tested in this manner? There'is probably
no geaeral answer to this question., Full~scale wind tunnel teating is not a substituie
for the necessary development flight testing; it is rather a means of increasing the
safety of the flight work and of getting gn early lead on some of the problems likely
to be encountered in flight, It is more valuable and more coetly than modsl
tsating and thus will command more attention and higher-grade personnel. Inasmuch
as flight hardware is involved, details that might be passed off as "bugs in the
model" cannot be ignored in full-scale teating,

In short, each situation must be judged on its mexits. In this particular
case, full-scale testing had paid off handscfnély.

21
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AN AEROELASTIC STUDY OF HELICOPTER
ROTOR SYSTEMS IN HIGH-SPEED FLIGHT
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AN AEROELASTIC STUDY OF HELICOPTER ROTOR
SYSTEMS IN HIGH-SPERED FLIGHT

\
E. R. Wood, K. D. Hilzinger, and A. C. Buffalano

- Sikorsky Aircraft Division, United Aircrdft Corporation
Strdtford, Cotihecticut

SUMMARY

Presqnted are reauits of an -aeroelastic investigadon to explore effects
of ﬂignt, rotor, aiid bldde parax’neters on blade stresses and performance of
articulated dnd rigid rotor systéms ih high-speed fligh Variations in blade
planforim dnd twist, i‘éwr lift and brbpulsive force, hlade stiffness and mass
distriblidoefi, are inved dgated for {1 coptets and compound helicopters at
several grods weights for speeds from 150 to 300 knots. The analysis takes
into actount the fully coupled fldtwise-edgewise-torsional response of the
rotor blades. Work was performed under U, S. Army TRECOM Contract
DA 44-177-TC-831.

INTRODUCTION

Design of helicopters and compound air vehicles for higher airspeeds
requires greater knowledge of rotary wiang dynamics and performance than is
presently available from published analyses and investigations. For fuller
understanding of advanced flight regimes, a research program is required,
which will explore effects of forward speed, blade planform, blade twist, rotor
lift and propulsive force, blade stiffness and mass distribution on resulting
blade stresses and performance of articulated rigid rotor systems.

To provide this information, Sikorsky Aircraft last year undertook a
study for the U. S. Army Transportation Research Command. This paper
gives prelimihary results of that study. The work was achieved by a joint
effort of the company's Aerodynamic, Blade Design, and Dynamics Sections.
Three well developed analytical programs were uaed in the program. These
were: (1) an Advanced Performance Analysis, which was used to determine
the baeic rotor parameters to be studied; (2) a Horvay-type Blade Design
Analysis, which has been responsible for Sikorsky's present-day successful
blade designs; and (3) a Coupled Blade Flatwise-Edgewise-Torsional Aero-
elastic Analysis, which yields the full gpectrum of blade dynamic information.
The aeroelastic anslveis 1s =cnersl auu well suitea tor studies of a wide range
of helicopters and VTOL- -type aircraft with rotbr bledes and propellers of all
types. As will be shown in the paper, good correlation has been achieved with
the method for both rigid and articulated rotor systems.




5, \ . . .
1. DESCRIPT ION OF AIRCRAFT CONSIDERED Mo

The aeroelastic research program is being carried out under U. S. Army
. TRECOM Contract DA 44-177-TC-831. Inciuded in the overall TRECOM study
are eight basic aircraft, four in the 12, 000-1b, class and four in the 33, 000-1b,
clags. There are two 150-knot helicopters, two 200-knot helicopters, two
200~knot wingless compounds, and two 300-knot winged compounds, Four
planform variations are considered in each case, and blades are taken as both
rigid and articulated. Planform variations are given in Figure (1). A totel of,
47Q flight conditipns will be explored in the contract.

Results presenwcd in this paper are taken from initial investigations of
the program. Considered are the 150-knot helicopters at 12, 000 and 33, 0600
ib. gross weights. Also shown are some results for the 12, 000-1b. winged
compound. Substantiation for the method of anelysis is based upon correlation
studies with flight test data from the Lockheed CL~475 rigid rotor helicopter,
and Sikorsky's S-58 and S-61 articulated helicopters. Basic data for the five
aircraft considered here are presented in the following table:

TABLE |
BASIC DATA FOR AIRCRAFT INVESTIGATED
Lockheed| Sikorsky| Sikorsky; 12000-1b.| 33000-1b.| 12000-ih,
CL-475 | S-58 S-61 |Helicopter| Helicopter| Compound

Blade Radius

{fe. ) 16 28 31 31 36 28
Qffset(inches) j1.* 12 12,625 | 12.625 24 12,63
Number of

Blades 3 4 5 5 6 L
Chord{inches) 12.0 16. 4 18. 25 18. 25 23.65 18.25
Design Taper. 1:1 1:1 1:1 1:1 1:1 1:1
Désign Twist (-8 artic. (-6 artic. (-4 artic.

‘(degrees) 4] -8 -8 ( Origid ( Origid (-4 rigid
Airfoil Section 0012 0012 .0012 »0012 0012 0012
Solidity . 0596 062 1.07804 | .07804 . 1046 . 086 :
Tip Speed(fps) 504 620 660 660 696 493 cruisc
Rotor Speed

{xpm) 300 216 203 203 185 168
Gross Weight

(lbs.) 1970 11300 17000 12000 33000 12000
Pexcent G. W.

Carried by

Rntny L LR S (s (R St 4 <A ¢ S-S

*Pitch Bearing Center Line




Tabulated in the Anpendix is 4 set of representative data for blade
stiffness, and mass distcibution takep from this program. Rigid and articu-
lated blade data are shown for the 150-knot 33, 000-1b. helicopter. Also given
are fuselage lift and drag characteristics for this aircraft.

2. BLADE DESIGN CRITERIA

Individual blade designs were determined as follows. Initially, an
Advanced Performance Analysis was used to obtain basic rotor parameters.
These include tip speed, rotor diameter, blade chord, number of blades, and
design twist, Based on these parameters, the Blade Design Section then
developed structural characteristige for the articulated 11 planform blade for
each aircraft studied. Blades were designed by standard Sikorsky procedures
and met basic load requirements, Characteristics of separate planform
blades were then extrapolated from 1:1 olanfo:m designs by the following
criteria.

1. At corresponding blade radial stations cross-sectional area
was held equivalent, . By this means blade weights and centrifu-
gal stresses were kept equal. The only deviation permitted
was when extrapoliated wall thickness became amall. Here, to
avoid local spar buckling a minimum value of 0. 15 inches was
set.

2. Section properties were extrapolated based on the ratio of spar
wall thickness to chord. Knowing chord and section area, this
value could be determined, then used to calculate flatwise,
chordwise, and Lorsional stiffness assuming a typical D-spar
blade.

For rigid rotor systems the blade root had to be specifically designed to
meet Lockheed's criteria as set forth in Reference (1):

1. For planforms of agpect ratio greater than 18 a soft inplane
systein was used. This required the first inplane bending
frequency to be between . €1 and . 7c2. The inplane frequency
was achieved by reducing root stiffnees by removing material
and attributing 15% of the frequency decrease to bearing
flexibility.

2. For plenforms of less than 18 a stiff inplane system was used.
Here, blades were tuned so that the first inplane bending mode
was near 1.4,

3, Flawwise flexibility of rigid blades was designed sq that the
second flatwise L2nding mode was sufficiently removed from
n/rev.




4. Prelag and precone angles were selected based on zero steady
bending moment at the blade root in cruise flight condition.

[}

3. DESCRIPTION OF AERUELASTIC ANALYSIS

The method of aeroelastic analysis is based upon superposition of
separate harmonics of blade forced response, which results from response of
the blade to incividual harmonics of airloads. A deteailed description of the
method has been given in References(2) ard (3). A brief description follows.

a. C;alculadon of Aerodynamic Loads

For the helicopter to be analyzed, the gross weight, drag, speed,
and rotor rpm must be given. Also for the blades, steady-state two-
dimensional airfoil characteristics, structural stiffnesses, mass distri-
bution, twist, and root retention must be specified. The rotor disk is
considered to be moving at the proper forward tilt to provide enough
propulsive force to overcome the net drag of the aircraft. It must also
support the aircraft, and there must be sufficient cyclic pitch to keep
the rotor in equilibrium. Certain simplifying assumptions are made to
initiate the calculation; such as the approximate coning angle, an
estimate of the rotor drag, and an estimate of the radial pasition of the
resultant thrust vector. These approximations do not affect the final
accuracy, for if they are too far in error, this can be remedied by &
second or third iteration.

For a high-speed condition, constant inflow i3 taken. The blade is
subdivided into twenty-four elements. For each of 36 ten-degree
azimuth intervals, the blade is considered se! at two blade angles.
These angles bracket the expected blade angles. Blade-element aero-
dynamic lifts are then computed, frora which the moment of the thrust
about the flapping hinge is calculated as a function of blade angle and
azimuth position. The cyclic pitch necessary to maintain the rotor
system in equilibrium is then calculated by an iteration to enforce the
condition that the first harmonic thrust mcment about the flapping hinge
is zero.

For calculation of aerodynamic lcads, two-dimensional 0012 airfoil
data is used. Compressibility effe?is are taken into account by using
separate Cy,, Cp, and Gy versus curves for angles of attack from
0 to 30 degrees for Mach numbers up to 0. 95 in 5% increments. To
define stall regions above angles-of-attack of 30 degrees, single Cp, '

PO e 1 armaemettm af  Areesereas Owo tnlram femnn Aara {n
Oy and Op versus d curvos are taben fram dars in Dadavenca i

Final determinaton of cyclic pitch ylelds angle-of-atiack distribu-
tion, rotor drag, power required, location of resuliant thrust vector,
thrust moments, and provides pitching moments, und resolved thrusts
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and drags on twenty-four blade elemen 3 for ten-degree azimuth
intervals. A harmonic analysis is performed on this loading and the
steady plus the first seven harmonics of blade element loading (pitching
moments, thrusts, and drags) are obtained in complex form.

G G5 g g g e AR

b. Blade Dynamic Response

Individual harmonics of airloads are next introduced into the
coypled blade dynamic analysis. This method is based upon an exiension
of Myklestad's analysis for rotating beams. There is provision for up
to twenty-four flatwise, edgewise, and torsional degrees-of-freedocm
with coupling due to twist. Equations are in complex form to allow for
aerodynamic damping and phasing of aerodynamic loads. Boundary
conditions at the tip of the biade require that shears, moments, and
torque are zero. At the root of the blade boundary conditions are
applied consistent with blade root restraint, whether artculated, teeter-
ing, or rigid. There is provision for a lag damper. Also, with torsion
added, provision has ber made for control system flexibility and
damping.

—
T

Analysis for flexible blade dynamics with torsional coupling is
done in three steps. In the first step, the blade is treated as infinitely
rigid, and rigid body coning, lagging, and twisting calculated.” In the
second step using an iterative relaxation-type mcthod, steady coupled
flatwise-edgewise-torsional bending is computed. The iteration is
initiated by using the blade slopes and deflections determined in the first
step. In the third step, the first through the seventh harmonics of blade
coupied responses are determined. Steady response vaiues from the
second step are used so that rorsional coupling of vibratory forces times
steady deflections and steady forces times vibratory deflections can be
included.

Total forced response of the blade is next determined by super-
position of separate harmonics of blade dynamic response. This ylelds
the azimuthwise distribution of moments, torques, deflections, twist,
and stresses at each of twenty-four blade stations for ten-degree
azimuth intervals.

4. CORRELATION WITH FLIGHT TEST DATA

Using congtant inflow, the method of analysis described shows good
agreement with measurements in predicting performance. This is illustrated
hv Fﬁanwa 19\ Here calenlated and measured onwer are shnwn comnare
favorably for the §-61 at two grons weight conditions. The computed values
include power reguired for the tail rotor and accessory drives. Coefficiente
of drag for the blades were incremented by 8 4Cg =, 002 to account for
additional roughness of the actual blade over & highly polished wind-tunnel

R P S T AT e ) G BN 4 € R v s oo 5 DL e B R vt - et Vet PRl e M A o Wt vl prad w aerg T g
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specimen. Note that good agreemeﬁt is achieved even at low alrspeeds where
effects of variable inflow have been shown to be large. Comparic ms also
indicate that the method described provides performance results consistent
with standard performance calculations in use.

Figures (3) and (4) compare calculated blade vibratory bending moraents
and stresses with flight test values for an articulated rotor helicopter. Given
in Figure (3) is a comparison of the radial distribution of one-half peak-to-
peak bending moments against flight test data for the S-58 (H-34) helicopter.
Data is shown for 110 knots. The test helicopter was instrumented by Sikorsky
Aircraft under U, S. Army TRECOM contract. Flight tests were conducted by
NASA at Langley Field, and preliminary results of tests were released in
Reference (5).

Effect of forward speed on vibratory blade stresses and results of
correlation are shown in Figure (4). Here, flight test data taken at Sikorsky
Aircraft is compared with calculated values for the S-58 at speeds above 100
knots. Each test point shown on the plot represents an averaging of data taken
in three separate flighta, Data was obtained from Reference ().

Correlation studies for a rigid rotor helicopter were based on data
furnished by the Lockheed-California Company for the CL-47S helicopter
{Reference (1)). Data included detailed information on blade etiffness and
mass distribution. Also provided was a blade resonance diagram, a curve
ghowing blade static deflection, and flight-measured vibratory bending
moments along the blade at a number of airspeeds.

Results of earlier studies (Reference (2) and (3)) have shown good
correlation on predicting one-half peak-to-peak stresses at higher airspeeds
using constent induced velocity. Thus, for correlation ~urposes the highest
airspeed was selected for which complete CL-475 data had been furnished.
This was 100 mph. The blade was subdivided into twenty segments in the fully
coupled flatwise-chordwise-torsional analysis, allowing sixty degrees-of-
freedom. First step in the analysis was to run the calculation as a non-
rotating beam to check analytical stiffness and weight characteristics against
Lockheed's data for static deflection. Good agreement was achieved as shown
by Figure (5).

Second step in the rigid rotor correlation program was to determine
flexibility of spindle bearings at the blade root. This was achieved by varying
the flatwise and chordwise root springs in the analysis until there was good
agreement with Lockheed's blade resonance diagram as shown in Figure (6).
From this, effective springs of 1. 75 million inch lbs. per radian and 4.00
million inch lbs. per radian were determined for respecdve flatwise and edge-

O T F Y ey TNLLL e o e hnsrsemmes mafanlasad nad mamnmicsma A eld
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flatwise modes shown by Figure (6) attributed to motion of the rotor head. Test
results had been obtained by shaking the hub with non-rotating blades where
moticn of the hub would tend to increase the natural frequency.




f The third step in the correlation was to run the complete aercelastic
analysis at 100 mph using constant inflow. Here, the rotor was trimmed,

- cyclic pitch determined and aerodynarmic loads calculated. Harmonics of
aerodynamic loads were then applied, and individual harmonics of blade
response superimposed. The radial distribution of calculated blade vibratory
bending moments are shown to compare favorably with Lockheed's flight-
measured values in Figure (7).

} 5. RESULTS OF ANALYSIS

a. Variation of Blade Root Stiffness

J Proper treatment of blade root flexibility is of prime importance
in design of rigid rotor systems. Rigid rotor designers point out that
the term "rigid" is 8 misnomer and that "hingeless" is a preferred
definition. In truth, the root region of these blades is far from being a
mathematical cantilever. Designed flexibility contributes to a root
restraint, which is between a theoretical rigid and hinged condition.

——

[ W——

Effects of root flexibility on vibratory berding moments and
stresses are shown in Figures (8), (9), (10), and (11). Presented are
results of calculations for the Lockheed CUL-475 Lelicopter at 100 mph.
For the first three figures, flatwise root flexibility has been varied,
while edgewise restraint is held to a value representative of the actual
CL-475 design.

T
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O Yo |
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The first plot, Figure (8), gives the distribution of flatwise
vibratory bending moments along the blade for an articulsted version of
the CL.-475. The curve is typical of articulated blades in that the maxi-
mum vibratory moment occurs at about two-thirds blade radius, Maxi-
mum value i +2100 inch lbs. The second plot, Figure (9) shows
corresponding flatwise vibratory moments for & theoretically rigid root
restraint. In this case the outboard blade moment is seen to increase to
+2700 inch lbe., while at the root, moments reach a value in excess of
+8000 inch lbs. Finally, shown in Figure (10) are calculated moments
for a blade with selected flatwise root restraint, For this condition,
outhoard blade moments are reduced to +650 inch 1bs. while root vibra-
tory mements increase to about double the maximum level for the
articulated blade. Since more blade ares is required at the root to
carry centrifugal loads, a section modulus can be selected for the semi-
rigid blade that will yield vibratory st ss leveis comparable to those of
an articulated design. |

oo

Bowrrsd

Sensitivity of edgewise atreeses {0 proper tuning is illustrated by
Figure {11). Reference (7) recommends & frequency ratio of 1. 4 which
is apparent from the piot where vibratory stresses sre se=n to become
excessively large as the first edgewise mode of the blade approachee one
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per rev. Results given are for a neutral c.g. fuselage trim condition.
Ceater-of-gravity shifts can increase edgewise stresses due to increased
first harmonic blade bending and associated Coriolis forces.

b, Twist and Planform Variations

Shown in Figures (12) through (17) are results of varying blade
twist and planform for the 12, 000 and 33, 000 1b. helicopters at 150 knots.
The effect of blade twist on performance is given in Figures (16) and (17).
Only one power curve is shown for both rigid and articulated helicopters
of the same gross weight. Calculated power was the same for each type
helicopter, since the rigid rotor was preconed for thie airspeed, giving
both ardculated and rigid systems the same coning angle. Power shown
is that required by the rotor and does not take into account tail roter
power and accessory drives. Coefficients of drag for the blade were
incremented by ACp = .002 to account for blade roughness. The non-
linear planform blade gave the best performance results for both gross
weight machines, but was the first to stall out at low twists or if forward
speed was increased. The marked increase in power for the non-linear
blades from -8 to -4 degrees in Figure (17) is attributed to a near stall
cendition and associated high drags. From Figures (16) and (17) it can
be seen that change in blade twist can result in a maximum power gain
of about 500 hp for the 33, 000-1b. helicopter, abeut 200 hp for the
12,000-1b. aircraft,

Presented in Figures (12) through (15) are maximum flatwise
vibratory bending moments versus twist for the four blade planforms.
Results are given for both rigid and articulated rotor systems. It is
interestng to note that the planform order from lowest to highest bending
momenis is fairly consistent between both gross weights and rigid and
articulated systems. For both gross weight machines highest blade
bending moments were for the relatively stiff 3:1 planform blade; lowest
were for the unloaded-tp, non-linear blade. The relatively flexible 1:2
blade while showing low moments would present root design problems as
a rigid rotor.

c. Variation of Blade Stiffness

A requirement of the aeroelastic investigation was to explore
effects of blade atiffness on vibratory bending momente. Figures (21),
{22), (23), and (24) give results of this study ior the 150-knot 33, 000-Ib.
helicopter. In Figures (21) and (22), flatwise stiffness of the basic blade
has been both doubled and reduced to one-half. Plots for both rigid and
articulated blades are essentially what would be expected. For the
BILLUILEU LHEE WIS THLE MIVILGHL SUYSIVMG 16 DUEL LW LA G850 imost
proportionately with increase in stiffness. The same ie obgerved for
the rigid blade in the root region. For this case it is interesting to note
that the point of minimum bending moment moves inboard as the blade
becomes more flexible.




i)

R R ) ou o

R L R N R D S — e
T TR, o A A T L R S - T S Rt B R
R fagllia PRl S i (R s sy o e T A L T T
R e —————

e N
kg Lo

Effects of linear variation of stiffness about the basic blade design
are given by Figures (23) and {24). Here, for both articulated and rigid
blades, flatwise stiffness has been multiplied by factors ranging linearly
from 2 at the root to 1/2 at the tip or vice versa. Lowest vibratery
moments are achieved for the articulated blade of standard design as
given by Figure (23). Here, stiffened outboard blade section snd softened
cuff appear most detrimental. For rigid blades (Figure (24)), where the
critical region is at the root, the reverse is true. Low root stiffness
contributes to iower moments, and the stiffer outboard section does not
have a significant detrimental effect.

d. Blade Mass Distribution

Given in Figures (18) and (19) are effects on vibratory stress for
the 33, 000-1b. helicopter by separztziy introducing a concentrated 36-1b.
weight at five radial locations along the blade. Radial stress envelopes
for the five positions for an articulated blade are presented in Figure (18).
The standard unweighied blade {niot shcwn) had 2 meximum vibratory
stress of 4600 p.s.i. Results ghown in Figure (18) indicate: (1) a sigmf-
icant reduction in vibratory stress by introducing a weight art the blade
tip; (2) an increase in vibratory stress for weights at the . 75R and . SOR
positions; and (3) little eifect on vibratory stress for concentrated wzight
added to blade inboard regions. Effect on flatwise and edgewise maximum
stress by varying the amount of weight added to the blade tip is giver. by
curves shown to the right of Figure (20). Here, vibratory stress reduc-
tion is greatest with the first 10 lbs. added, then levels off in the 30-40
Ib, region.

Effects of added concentrat.d weights for rigid blade stresses are
plotied in Figure (19). In this case the root region is most critical.
Vibratory stress for the standard blade {not shown) was 8750 p. 8. 1.
Here, the tip weight again produced a significant reduction, but weights
at other locaticns gave either a slight decrease or an increase. The left-
hand plot of Figure (20) shows results of varying tp weight on rigid blade
stresses. Flatwise stress reduction follows the same trend as the
articulated system. The sharp continuous reduction shown for edgewise
stresses 18 atiributed to detuning the first edgewise mode. The rigid
blade in this case {aspect rado > 18) was designed for Wff = ,6540,
Added weight brings this mode further below one per rev. Were a stiff
inplane design used, increased added iip weight would have the opposite
effcct. Bdgewise stresses would increase for the first edgewise mode
would be reduced from 1. 4 £ in the direction of one per rev.

‘ompound Helicopters

Interest centers today in extending the speed frontier of helicopters
to the 200-300 knot region. The compeound heliccpter is a pessible con-
figuration to meet this requirement. Here, the rotor is substantially
unloadad in high-apeed flicht by external wings, and iet or prop-jet




engines provide the necessary propulsive force. At the time of writing
this paper scme preliminary work had been done under the contract on
this type of design. Results are presented to show early trends, while
it is recognized that many questions still »emain to be answered.

Tre basi: aircraft is defined in Table I. For the high-speed flight
condition the rotor wes required to carry 1500-1bs. of lift. Rotor
rotational speed was reduced to 168 rpm, which gave an advancing blade
}ach number of .90 at 300 knots. For first studies, both rigid «nd
srticulated blades were taken with -4 degrees of twist. Were ti:e design
to be further optimized. it is recognized that additional stress relief
could. be achieved for both roter systems by a backoff in blade twiat.

An important variable in compound design is rotor angle-of-attack,
This can range from having the rotor tilt well forward to provide
propulzive force as for the helicopter, to an aft-tiited windmiiling rotor
which extracts energy from the air =tream. For e results shown here
the rotor has been placed at zero angle-of-attack. This gives a very low
caning argle, blades at relatively flat pitch, and requires some power
from the engines to drive the rovor.

Since coning angles were ~imi’ar, power and drag plots ace the
same for both rigid and articulated systems. These are shown'in
Figures (23) and (24). In Figure (23), rotor powzr required is ebaerved
to e only 412 bp at 300 knots. The rotor drag or H-foyce plegted in
Figure (24) is seen to be approaching 1000 lbs. at this airspeed. While
thiz velye may be considered hjgh, it is yeduced over the drag of § pure
helizopter configuration through helding rotor angle-of-attack flat gnd
blade pitcl: low. ' ; .

Some interesting trends are noted in the plot showing flatwise
vibratory bending moments versus airspeed (Rigure (28)). " Maximum
vibratory moments are seen to increasg more sharply with airspeed for
the rigid thas for the articulated case. This trend is phrtially explained
by the diagrams given on the plot showing spanwise disfribution of
bendi g moments for both rotor systems at 200 and 30} knots.” Here, it
¢an be seen that outboard moment envelopes are similgr for boih systems
and build up at the same rate with airspsed. However, ropt moments,
which govern rigid blade design, are seen to digreas qiore; rapidly.

6.  CONCLUSIONS

Bar,v results have been presented from an analytical program to explore
+tfe s of parainetric varisticns on blade stress and performance of rigid and
3: 71 wared rotor evstems. The anelysis considers the high-speed condition
s+ #x2s iniw account the fully coupled flawwise~2dgewise-torsional response




of the rotor blades. For the studies constant inflow was taken. Conclusions
which may be drawn from the resuits include:

a. Calculated performance and one-half peak-to-peak stresses are
shown to give good agreement with flight measured values. Good
stress correlation is shown for both rigid and articulated rotor
helicopters at higher airspeeds. Flight measured data is taken
for the Sikorsky S-58 and Lockheed CL-475 helicopters.

b. Rigid rotor flatwise and edgewise vibratory stresses are observed
to be highly sensitive to dzsign of the blade root region. For this
rotor system properly designed flexibility gives a root restraint,
which is between a theoretical rigid and hinged condition.

c. For the articulated blade, maximum flatwise vibratory stress
generaily occurs at about two-thirds blade radius. Location will
vary with planform, twist, and whether the aircraft is a helicopter
or compound. For the rigid rotor, maximum flatwise vibratory
stress occurred at the blade root for all cases studied.

d. Results of calculations for planform-twist variation indicate a rapid
rise in vibratory bending moments with increase in blade twist for
both rigid and articulated rotor systems. Higheat vibratory bend-
ing moments were noted for the 3:1 tapered blade.

e. Studies on variation of blade stiffness indicate that ocutboard blade
stiffening is detrimental for an articulated blade, whereas inboard
blade stiffening shows the largest increase in vibratory memeats
for a rigid blade.

f. Reduction ir vibratory bending moments was observed for both
rigid and articulated blades by introducing a concentrated weight
av the blade tip. For the 33, 000-1b. helicopter considered,
greatest reduction was achieved for both systems with the first
10 lbs. added, lesser reduction thereafter.

g. Preliminary analysis for compound helicopters indicates a more
madrked increase in flatwise vibratory bending moments with air-
speed for the rigid than for the articulated rotor system.
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S iv e Lk

Helicopter Baaic Blade Data s

Cross Weight 33,000 lbs., 150-Knet Design 1

Articulated Blade 1

Radii Weight Per Blade Blade Midline ;

(In.)  Segment (Lb.) Twist (Deg.)  Chord (In.)  Area(Sg. In.) ;

‘329 Q 6- 97 -1, 79 23. 65 : 90 55

410, 4 19. 60 -1.52 23, 65 19.20 ,

.38§. 8 14.51 -1.22 23,65 ‘19, 40 ,

'3450 6 15- 74 ‘0. 74 230 65 19. 86‘ 3
324, 0 17.14 -0. 30 .23, 65 20,12
302. 4 . 10.29 0.00 23,65 20.15
- 260, 17.63 . 30 23,65 2.2
259. 2 17.02 . 60 .23.65 20, 23
237.6 18,04 .91 23. 6% 20, 28
216.0 17,71 1.2 23.65 20. 30
194. 4 .16. 61 1.51 23. 65 20. 36
172. 8 16, 42 1.81 23,65 20. 40
151.2 16. 42 2.13 23.65 20. 43
129.6 117.33 2.39 23, 65 120,57
108.0 18, 46 2.59 9.71 21.00
86. 3 - 38,11 2.59 9.71 24.60
64, 124, 62 2.59 9,71 100. 00
43,2 77.12 2.59 9.71 100. 00
" 24,0 84, 59 2.59 9.71 109 00

13




i APEBNOKX | (comi) S
' Ardculated Blade
4 Spar Wall Flatwise .Bdgewise Torsion Secton - 'Modulup ;
, Thickness (In.) Ixx(Inf) Iyy(inf) J(nd  Zxx(ind) Zﬂﬁ ‘
| n ,081 1.87 19.9 5.90 1.38 3.8
! , 162 3.75  .39.8 12.70 2.92 7.8
u .183 4.20 42.9 15.00 3.24 85
, 204 4.75 53.0 14.90 3,63 9.8
.212 5.05 55.3 116,55 3.80 10. 2
ﬂ . 216 5. 42 64. 8 18,00 4.15 11.3
.221 5.58 65. 3 19.05 4.20 11.5
. 224 5. 68 66.0 19. 30 4.28 11.6
ﬂ .228 5.80  66.8 19.70 4.35 11.7
. 232 5.95 67.3 20.0) 4.40 11.9
! . 237 6.05 68.0 .20, 30 4.48 12.0
I . 241 6.18  68.8 20,75 4.55 12,1
. 246 6.25 69. 3 21.05 4.60 12,3
! - - . 249 6. 40 70. 1 21. 40 4.7Q 12.4
L 258 6.45  72.0 21.85 4.90 12.8
. 290 8. 10 80. 8 23. 40 5. 80 14,3
l . 375 24.10  124.0 48. 80 13, 20 22.2
{ 3.0 100.00  100.0  100.00  25.00 25.0
3.0 100.00  .100.0 150.00 - 35.0 25,0
3.0 100.00  100.0 150. 00 35.0 25.0

- D a =
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58
—E

-

(4] o
SEREESE
B OOV LD

&

259.2

Wejght Per
Segment (Lb. )

6.97
19. 60
14.51
15.77
15.74
17. 14
10. 29
17,63
17.02
18.04

- 17.71
16. 61
16. 42
lb. ‘2
17.33
18. 46
38. 11

134. 62
77.12
84.59

APPENDIX | (contd: ),

. Rigid Blade

Blade .
Twist (Deg, )

COeCPEoee

-

Y=Y T-T-F Y- P-¥-¥-P=

18

Blade Midline
Chord (In. ) Area (Sq.In.)
23. 65 9.55
23. 65 19.20
23.65 19. 40
23.65 18.73
23. 65 19. 86
23.65 20. 12
23.65 20.18
23.68 20.20
23.65 20. 23
23.65 20.28
23. 65 20. 30
23. 65 20, 36
23.6% 0. 490
23. 65 20. 43
23. 6§ 20. 87
9.71 21.00
9.71 24,60
9.71 100. 00
9.71 100. 00
9.71 100. 00
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Zxx (Ind)

16

Rigid Blade
Spar Wall Flatwise ige Torsion-
Thickness (In.) Ixx(In) lyy(in$) _](In$)
. 081 1.87 19.2 5.9
. 162 3.78 39.8 12.7
. 183 4.20 42.9 18,0
. 204 4,75 53.0 14.9
.212 3.08 55.3 16.6
. 216 5. 42 64.8 18.0
. 221 S.58 65. 3 19.1
. 224 5,68 66.0 19.3
. 228 5. 80 66. 8 19.7
. 232 3.95 . 67.3 2.0
237 6.05 68.0 20.3
241 6.18 68. 8 20.8
. 243 6. 35 69.3 21.1
. 249 6. 40 70.1 21.4
. 238 6. 45 72.0 21.9
. 290 810 80. § 23. 4
. 378 10.00 124.0 48.8
3.0 10. 00 43.0 100.0
30 1Q.00 43.0 150.0
3.0 10.00 43.0 150.0

-

0 0 00 8

etk stttk ok ok

e K- 7]

BE8888833neBuLBLBINSY
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11.7
11.9
12.0
12.1
12.3
12.3
12.8
l‘. 3
2,2
16. 0
10.0
10.0




APPENDIX I
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BLADE PLANFORMS FOR AEROELASTIC STUDY

FIGURE 1
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IN-FLIGHT MEASUREMENT OF STEADY AND
OSCILLATORY ROTOR SHAFT LOADS

R. Gabel
Veortol Division, Boelng Aircraft
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IN-PLIGHT MEASUREMENT OF STEADY AND OSCILLATORY
ROTOR SHAFT LOADS

Introduction

A set of comprehensive test data on alternating shaft loads is an cbvious
necessity in the development of improved methods for calculating such loads.

A program of in-flight shaft load measurement was conducted as part of an
overall vibration research effort sponsored by the Army and Air Force under
Contract AF 33(616)-5240 and publirhcd as ASD-TDR-62-284. This paper describes
the load measurement system snd the rasuits obtained from the fiight tests.

Load Messurement System

This development of a shaft lcad measurement system represented a culmination
of ssveral pravious attempts with very limitad success. However, from the
results of the pravious ploncering sttempts it was evident that the best
spproach lay in further development of the shaft strain measursment system
which had been used previcusly. Additional work indicated that through the
use of (1) strain gages with high sensitivity, (2) high voltage in the strain
gage bridges, (3) en improved bridge network, and (4) separate ioad measuring
systems for the steady and alternating components of both 1ift and torque,
the desired sensitiviiy and accuracies could be achieved.

An H-21 helicopter was aquipped with strain gages, as illustrated in Pigure 1,
to measure the following loads.

Porward and aft transmission and rotor shafts:

1. Py, shear in the rotor plane in the direction of the master spline.

2, Py, shear in the rotor plane in the direction normal to the master spline.
3. My, momant in the rotor plane, about tho-rothting X axis.

be My, moment in tks rotor plane, about the rotating Y axis.

5. !z, 11£¢t force {n the shaft vertical direction.

6. H;, torque about the shaft axts.

A developad view of the rotor shaft strain gage instrumentstion is shown in
Figure 2.

leed Callbration

Load calibration of the instrumsnted forward and aft rotor shaft was per-
formed in a apecislly constructed fixture, and known losds were applied
individually at the hub in all directions. Incremental iosde were applied




Y, Py, "7

MASTER SPLINE
(POSITION OF RED BLADE)

e
X, Fx> My

PRIMARY STRAIN GAGES

SPARE STRAIN GAGES

ROTATION

FIGUAE 1. SHAFT SYRAIN GAGRS

.
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to the shaft and the output of all gages to each load was recocded, regardiess
of the direction of tha loads,in order te obtain interaction as well as primary
load calibracion factors.

- Initislly, the torque calibration usad s load balance aystem as shown
in the lower half of Figure 3, but this system was replaced dy a closed loop
system to iwmprove the accuracy. Final torque calibration was performed usi.g
the test weiup shown in the upner helf of Figure 3. A schemstic of this loading
systen showing the closed loop cable arrangement is given beiw.
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The torqus calibration was performed using the turmbuckle to apply the incre-
mental cable tension in combinution with a loud call for weasuring the applied
1“‘- *

‘ - Lift galthvstion loads were applied with the hydraulic jack showa in
*&p 4. Accurats sligmment of the lcad through the centar of the shaft
wis satablished using :z'5ptical Gystem consisting of & sighting scops end
target. 1In the calibratfon, the incremental loads applied to the ahaft were
in addition to the wean 1ift load simulating the aireraft waight.
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Shear - Application of shear loads for calibration of the strain gage bridges
was performed as shown in Figure S. Rotor shaft shear loads were applied
using a hydraulic jack mounted at its base on a bali-joint to insure loading
through the center line of the shaft. In order to obtain calibration curves
for both of the shear bridges used in the test, the shaft was loaded on the (°-

180° axis in addition to the 90°-270° axis.

Moment - Calibration loads for bending moment were imposed on the rotor shaft
using the test arrangement shown below,

L 1] . i1
LOAD .CELL
FUSE
' ALUMINUM
STOP NUTS, POINT
! . 5/16" THREAD OF LOAD
APPLICATION
)
TRANSMISSION
[}
|
N

Using the load cells located at sach end of the moment arm permitted one side
€0 be ioaded in tension whiie the other was in compression, thus producing a
purs woment at the centerline of the shafe. Calibrations ware parformed for
the bending bridges by applying equal tension and compression loads along
the axis; the Myy, bending bridges were calibrated in ths same manver after

. the shaft had besn rotated 90°,
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Load Interaction - A typical calibration chart is {llustrated in Figure 6 for
shear load. The calibration constant for shear load (90°-270°) is obtained by
dividing the load variation (1200# - 0) by the trace deflection (364-210) counts.

K« 12008 131 cts « 1040 #/1n.
154 cts in trace

This chart indicates that, as intended, the predominant gage response occurs
between the applied shear load and the strain gage bridge representing shear.
This is the pair of bending geges which are wired together to measure dif-
ferential moment, and designated as a shear bridge. It is also apparent that
other gages respond which are not in the direction of the calibration load.
Such side effect may be due to an unfavorable location of a particular gage
with respect to & load direction it is not intended to measure, or due to
Poisson's ratio effect. These side effects are accounted for by an "Interaction
Matrix" which also contains the main load calibration. This matrix is the com-
plete relationship between the measurement and the loads on the shaft in all
directions at the rotor plane. This result is an interaction matrix of the form,

Fx, Py, ¥y = actual loads in the X, Y, Z direction

My, My, M; = actual moments about the X,Y, Z sxes

iax» 1ly’ igg ™ interaction of gage "a'" to unit X, Y, Z forces
Laus 1ggs Lax = interaction of gage "a" to unitw, £, ¥ woments
'ix, Fy. Fz = gapparant forces from the strain measurements

i« y MB, ;lx = apparent moments from the strain measurements

The numerical interaction matrices from the load calibration are ahown below.
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Steady Loads

I~ — - ~~ -
Fx 1 +0.0633 +0.0021 +0.0001 -0.0089 -0.0016 Px
Fy -0.1171 1 +0.0010 +0.0067 -0.003C +0.0006 Fy
Fz -0.0379 +0.0416 1 +0.0015 +0.0091 -0.0151 ¥z
- -
My 0 -9.,517 -0.0124 1 -0.0104 +0.0005 My
My +9.415 -0.0256 +0.0881 +0.0156 1 +0.0074 My
Mz -0.0858 -0.0144 -0.0068 -0.0205 -0.0331 1 Mz
Measured - Actual
Alternating Lﬂg
p— o p——— - (o - —
x 1 +0.0633 +0.0021 +0.0001 -0.0089 -0.0016 Fx
'y =0.1171 1 +0.0010 +0.006, -0.0030 +0.0006 Py
1 £ +0.0583 +0.1008 1 +0,0052 -0.0088 +0.0029 1 ]
= [ ]
My 0 -9.517 -~0.0124 1 -0.0104 +0.0005 My
My +3.41% -0.0256 +0.0881 +0.0156 1 +0.0074 My
Ll(z __-0.1567 +0.1162 -0.0343 -0.0289 -0.0467 1 o My |
Measured Actual

It is noted that the interaction matricea for the steady and altsrnating
loads are composed of the same elements in the rows and columas involving
futersction batween tha sheer and bending woment. Howaver, the elements
appociated with 14ft and torque loads ususlly exhibit uniike elements,
‘ Wt!y rosulting from the nonlinear load characteristics existing betwaen
the stendy and alternsting losd rangss used in the calibration, and partly
'bocmu independent strain gage bridges were used for the uudy and
alterpating 11ft and torque loads.

_r_ﬁ-:zn-nutm Svaluarion

R 17 -.--,_~ Pollowing the load calibration, the aft transmisaion was

“Che. totor stand with & staimdard H-21 hub, weod rotor blade, and
Wr mtroi system. The purposs of this test was to svaluate the

14 ‘my ‘ad seouracy of the system under operating conditions.
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With the full strain recording system cperative, the rotor was whirled through
a full range of rotor speeds from 240 to 278 rpm, varying collective pitch
setting from flat pitch to 12° with three cyclic pitch settings. The data
obtained from this test showed that the strain gage system was operating satis-
factorily.

Accuracy Bstimate - The results of the pr/~ary load calibration are tabulated
below, slong with an estimate of the load .arough-record accuracy based on an
assumed oscillograph trace reading error of + 0.02 inches.

Estinmsted
Trace Reading Estimated Typical

Calibration Accuracy Overall Load %
Item Factoy @+ 0.02" Accyracy Valye Accuracy
Px 1,000 1b/in. + 20 1b + 36 1b 1,000 1b 4
Fy 1,115 io/in. + 22 1b + 3616 1,000 1b 4
F, 6,050 1b/in. + 120 1b 4+ 360 1b 7,000 1b 5
Steady
Fy 721 1b/in.  # 20 1b + 30 b 500 1b 6
Alt,
My 22,050 lg;lh 4+ 440 in.1b  + 500 in.1b 5,000 {n.1b 10
¥, 19,290 in.1b + 400 in.1b + 450 in.1b 5,000 in.1b 9

in.

M, 92,500 a.?;lb. 4+ 1,860 in.1b + 2,400 in.1b 100,000 in.1bd 3
Steady ’
M, 14,710 ig;:lh + 300 in.1b 350 in.1b 5,000 in.1b ?
Alt '

As noted above, strain gage bridges on the forward and aft rotor shafts measurs
axial chaft loads and torque, snd shear and bending mowents in two directions. A
square matrix of aumerical coefficients, from the load calibration, {s then applied
to the dsta to account for interactiom, 1.¢., apperent responss of a load measuring
device to loads it should not theoretically respond to. The corrected loads in the
rotating shaft are nent transfarvad into asutwalenr lasde in the #iwed soordinaic
system of the fuselage.




Figure 7 presents a flow diagram {llustracing the steps used in converting the
measured strain daca to the correct Fourier ccsfficienta for the steady. and
firat four harmonics of rotating shaft loads. Maasured flight data was har-
wonically analyzed using a 24 ordinste analysis programmed on & digital computer
to obtain the steady and harmonic load componenta. PFollowing the harmonic
analysis, each sceady term of che series was adjusted to correct for the
diffevence bstween the baie line used in the harmonic analysis and the zero losd
position from the flight calibracions.

Continuing to the right on th: flow diagram, the harmenic components ars con-
varted to shaft loads by applying the amplitude and, in some cases, phase
calibration constants obtained from the load calibration test. Pollowing
these corrections, the measured data is regrouped into steady and alternating
terms in Items 1-~4, alternating terms only in Items 5 and 6, and steady
coefficients in Izems 7 and 8. The next step in the processing consists of an
interaction correction using the interaction matrices obtained during the load
calibration. After the inversion of the steady and alternating interaction
mutrices, the corrected coefficients for stesdy and alternating loads can be
obtained by adjustment of the Pourier coefficients using,

7y | (4 tay  lr taw Yep tay | 2y |
Py fox by b fox by tny Py
Fy _ tex ey ez feod  lep dey Pz
M lax  tay  tas .  tap lay | M
L] fox ey les lecy lep Y i
ny | | e ity ifs te MR ity igd

Actusl Inversion of Interaction Matzix Measured
Loads Loads

' The rotor system is represented by the schemstic diegram of Figure 8 which
shows the rotating and fixed axes systems. Pixed gystow loads can bs writter
as trigonometric functions of the relative angle Lit between ths rotoiing

g exis eystem and fixed axis systex as shown im Pigure 9. Forward rotor steady,
first harmonic and third harmonic fixed system cosfficients in terme of
rotating system coefficients are shown in Pigurs 10. Siwilar exprossions fer

' the fixed system shaft loads of the aft rotor derived using & megative direstien
of rotation are included in the dats procassing computer pyegres.
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FIXED {;YSTEM ROTATING SYSTEM
ROTATING SYSTRM LOADS

l‘n, Shear in the rotor plane in the direction of the master spline

Fyg, Shear in the rotor plane in a direction normal to the master spline
» Lift force in the shaft vertical direction

Myps Moment in the rotor plans, about the rotating x axis

Myp, Moment in the rotor plane, about the rotating y sxis

Myy, Torque about the shaft axis

E1XED SYGTNM LOADS

Pep Shear in the rotor plane in the aft direction
Pyp, Shear in the rotor plame in the lateral direction

Fzps» Lift force in the shaft vertical direction
Mxp» Moment in the rotor plane, about the fixed x axis

Myy, Moment in the rotor plase, sbout the fized y axis
Mgy Torque about the shaft axis

FIGURE 9.  MEASURRD LOKES YO FIXKD SYSTEM LOADS '
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Mzl
Aoy ™ 1/2a3x - 1/2y
Agy = 1/2B1x + 1/20y
Aoz = Aoz
Agy = V/2Mex - /28

Nop " Vi +1/24p

laxsnd.

Firvet Subscript Denotes Rotor
Harmonic

Second Subscript Denvties Load
Direction as lhm_lo_low,

X
1,
z,

Porce Along X Axis
Porce Along Y Axis

Porce Along Z Axis

Aox " Aoy o, Moment Abwut X Axis
(Fixed) (Rotating) B, Moment About Y Axis
¥» Momsat About Z Axis
Lizsg Harmenic
528 Terxs - SinTexes
Mx = Aox 4 1/2Ax - l/2Byy Bix = Aoy *+ 1/2Byg + 1/2h5y
Mz = Ay Biz * Bz
Mo = Moot * Vgt - M2Byp Bijow ™ “-Ager: t+ 1/2B2ex +'1/2Azp
Mp = dow * 2B + 1/2Mpp Mg " Aop - L 12y
Ny ® Ay By = By
(Pixed) (Botating) (Fixed) (Rotating)
Zhixd Barmenic
' Gea Terms Sio Terme
hyg = Ulhgg + Uabgy + U2kyg = EMY a0 o 172050 - 12y + /2By
Ayy = -1/2Bgy 4 1/28gy + L/2Bgy + 1/204y * 12y
Byy = 1/2Agx ¢ 1/28gy - 1/20x
Mo * Vg + 1By + bi2ege 1128, Moz v Mo

Mg = V2o +3/2gp + V2ot + Li2kgg aek :mqmm /2yt
by = Ui +1/283 -1/204gy

Ayy = Mgy
(rined) (Rotating)

+1/20 )¢

Wy " hHy
ﬂlld; {etating)
PICUAE 10. FIXED SYSYEM CORPFICIENTS '
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Rotor Shaft Load Rgauli-

Using the measureme.t technique described sbove, R-21 rotor loads were obtained
at a normal gross waight of 13,500 1b for (1) an airspeed sweep at normal 258
rpm, (2) a rotor sweep at 40 knots airspeed and (3) a rotor speed sweep at 90
knots airspeed. Losd plots are shown herein for the steady and third harmonic
fixed system results, and second .l fourth harmonic rotating results. Each
~#t of force data contains forward and aft rotor loads as sine and cosine com~
" ments and their resultants. The sine and cosine time veference is when the
1r3d blade and the rotor hudb master spline are in trail position.

d ngtrumen on Check ~ Ne rational method was known for positively
defining the accuracy of the measured loads. Apart froim an examination of the
rassonableness of the flight data compared with calculated shaft loads, the
best check of the flight data was a steady load balance. This provides a
gross check, but does not, of course, provide a check down into the reading
accuracy of the data. Even this is appropriate because, in addition to the
messured loads and the aircraft weight, other unknown loads act on the heli-
copter, namely, rotor downwash und aerodynamic drag. Further, che actual cg
location at any ‘nstant during a flight when data is recorded is not known
exactly but is estimated from the takeoff cg location.

To illustrate, a steady load baiancc is performed below using measured data
from a hover condition in which the unknown factors are minimised.

PLT. C96 X-121 RPM = 258 HOVER
FZ’ HZ FzMy L
" | e
R "R — e Py, ¥y
' Py wé
| [
' 4
5 N -
1% SHAPT TILT 1.5°
RUN 1

G.W. 13,300 1b




4 G s

Bud. Aft.
Fx = +Hi76# Fy = -174#%
Fy = +5¢ Py = +20#
Py = +7691# F, = +5569¢
My = 42268 in-# My = +1103 in-#
My = +8821 in-# My = -1451 in-#
Mz = -124001 in-# Mz = +122866 in-#

For the gross weight and cg condition shown and assuming vertical trim and no
wind the rotor shafts are 1.5° forward of the vertical in the pitch direction.
For force balance in either the lateral or longitudinal directions, the
appropriate forces from each xotor are combined to obtain the total force acting
on the helicopter in each direction which should, of course, be zero. In the
vertical direction, the total should equal the helicopter given weight plus

any download due to rotor downwash impinging on the fuselage and pitch link
compressive loads but minus the rotor weights.

Sumning the loads in the lateral dirszction,
2 Py " Py pa * Py pge

Zr, - 5§ 4+ 284 = 334

.

-

In the longitudinal direction, the components of lift and shear are combined
as {llustrated bslow:

S Piong = (F2r * Typ) ain 1.5° - (B + Fyy) cos 1.5°
= (7691 + 5569).0262 - (476 - 176).9997
- Hiid

Cae e W K T e

hoaitze BEMECEEENG LS A
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Similarly, for the vartical force at each rotor

Fyert ™ Fzp cos 1.5 + Fyp sin 1.5°
Fwd  7691(.9997) + 476(.0262) = 7703¢#

Pyert ™ Fz, cos 1.5° + Pyp sin 1.5°
Aft 5569(.9997) - 174(.0262) = 5574#

Further, combining the vertical loads at each rotor,
> Pyeer ™ 7703 + 5574 = 13,277
Before considering the comparison of measured forces and known forces acting

on the helicopter, the unknown lift load at each rotor is estimated from the
cg location,

L
y ¥

La
254" —T—zw' —j
3"

13,500¢

Forward Rotor,

- 234 23 "

Aft Rotor,

- 2
L, = A2 135008 = 61508

From this distribution, the steady lifts are defined by adding the estimated

downwash and pitch link compressive load, and then subtracting the rotor weight.
]

Lp = 7350 + 13,500 (.02) + 3(70) - 667 = 7163%

Est . Dowrwush Pitch Link Rotor

tonds Uaiahe

SN

Ly = 6200 + 13,505 (.02) + 3¢(70) -~ 667 = 6003¢#

| com om oo om om T Sm G5 B8 BN Om = 6
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The table below presents a comparison of the measured forces and the estimated

steady loads:

Forward Rotor Aft Rotor Forward & Aft Rotor
Load
Direction Measured Est. Error Measured Est., Error Measured Est. Error
Longitudinal - - - - - - 44 0 +44
Lateral - - - - - - 33 0 +33
Vertical 7703 7163 -540 5574 6003 429 13169 13277 +108

Lateral and longitudinal loads are close to the estimated accuracy shown
previously. Further, the difference between the estimated total vertical
lcad and the measured loads are within estimated accuracy of 360 1b.
In:ividually, the forward and aft rotors are slightly above the specified
&ccuridcy, but this varigtion reflects some inaccuracy resulting from

s imation of the cg location and downwash distribution.

From the measured torque the shaft horsepower is calculated as:

Fwd Rotor 508 H.P.
Aft Rotor 503 H.P.
Total Shaft Power 1011 H.P.

This measured power shows resscnable agreement with a calculated power
requirement of 1100 H.P. for the same flight condition.

From the results of this steady load check, it was conciuded that the

.&ccuracy of the steady load measurement was adequate for the flight program.

Fixed System Steady Loads - Figure 11 presenis the fixed system hub forces
and moment as an airspeed sweep at 258 rpm and rpm sweeps for 40 and 90
knots.,

For reference, the H-21 forward and aft rotor shafts are parallel, but

the rotor is rigged to produce a dihedral effect which promotes better

speed stability. A side effect of this feature i{s that in order to maintain
a hover attitude, the combination of longitudinal cyclic and differential
collective pitch control must prov’’: & greater aft longitudinal force

at the forward rotor than the aft rotcr. This is illustrated in Figure lia
showing a 500 1b aft force at the forward rotor, and a 200 1b forward force
at the aft rotor in hover. As speed increases, the forward force at the

aft rotor decreases, and above 80 knotn reverses direction. The aft iongi-
tudinal force at the forward rotor increases with ai.speed.
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Rotor shaft torque, M in Figures 11b and llc aversges about 160,000 inch-id
for the aft rsior and about 60,000 inch-1b for the forward rotor. The rotor
directions are as shown in Pigure 12. The torque differential of 100,000
in-1b due to the larger aft rotor torque ascts counter clockwise on the sircraft,
and must ba balanced by approximately equal and opposite lateral loads at
both rotors. The necessary losd magnitude is approximately 200 1b, In Pig-
ures 11> and llc it is seen that these loads do occur in the measured Py,
averaging about 200 1b to the right at the forward rotor and to the laft at
the aft rotor. Roll moment My is also related to this effect since the
forward rotor roll woment is roll right, and the aft rotor roll moment

is roll left. In hover, the rotor torques, become nesrly equal.

! - With a three bladed helicopter, third
harmonic vibration levels are usually the dominant portion of the vibration
eavironwent. Figure 13 presents the mcasured third harmonic fixed system
loads. The second and fourth harmcnic rotating shaft losds from which
the third harmonic in-plane loads result are presented in Figures 15* and
16.

Figure 13a, the 3{) airspesd sweep, shows that shaft force resultants

aver
e rx 1b Py b r 1b
Rotoz longisudinal Lateral Vertical
Forward 800 250 200
Aft 1300 300 400

The longitudinal losds are essily the larger, and the aft rotor loade are
larger than those at the forward rotor. This is particularly marked at
60 knots where the aft load is almost three times the forward load. No
clear general trend with airspsed is avident. The vertical force peaks
at €0 knots on the aft rotor, however,the forward rotor vettical has a
minimum in .this speed region and shows a rapid, fairly steep rise to

103 knots. .

Figures 13b and l3c, rotor speed sweeps at 40 knots and 90 knots, indicate
an extremely rapid load buildup with rpm for longitudinal load at both
rotors gnd for vertical load at the aft rotor. The sine component is
largely rosponsible for this trend at 40 knots, while both the sine and
cosine contribute at 90 knots aft rotor lomgitudinal load was nearly twice
as large as the corresponding forward rotor load.

Third harmonic vertical loads arise frowm direct addition of third harmonic
blade raot vertical shears. Third harmonic in-plane loada rseult from
second and fourth harmonic blade root horisontal shears as shown in
Figure 14.
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Rota - Figures 15 and 16 present
the rotating second and fourth harmonic in-plane lcads. The second barmonic

resultant loads show a tendeacy toward the high hover, low cruise characteristics

in the forward rotor, but not in the aft rotor. The fourth harecuic airspeed
sveep produces relatively conatant resultants within mosc cases, a tendency
to increase sharply at high forward speed.

Numarical combination of these loads into the fixed aystem third harwonic
is illustrated in Pigure 14 for the forward rotor at 20 knots. The second
and fourth harmonic rotating loads are additive i{rn forming the longitudinal
fixed system third harwmonic load, subtractive in forming the lateral fixed
system harmonic load, hence longitudingl loads are in aimost all {natances
larger than lateral loads,

It is of interest to note certain eimilarities among the second harmonic
airspeed sweep curves in Fiiure 15a. The Fy sine curve of the forward

rotor is the negative of the Fy cosine curve; the Py sine curve is the

same as the Fy cosine curve of the forward rotor. The aft rotor shows
similar characteristics, however the pattern differs in sign relation because
of the opposite direction of shaft rotation. The fourth harmonic airspeed
sweep illustrates its own pattern, Figure 16a. The Fy sine curve is the
nagative of the Fy cosine curve. The same similarity patterns between
longitudinal and lateral second and fourth harmonic loads are also evident

in the rpm sweeps.
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Conclumions

An extensive rotor hub load measurement program has been conducted, giving
a complete picture of all the steszdy and oscillatory loads acting in the
rotor shafts of a tandem heiicopter. Shaft strain gage instrumentation
was developed, calibrated and flown which had average accuracies of 6%

for steady load and 4% for oscilletory load.

With & three bladed helicopter, third harmonic vibration levels are usually
the dominant portion of the vibration environment, so that the third
harmonic *oads measured here are particularly important. Longitudinal
shaft loaas were the largest, averaging 800 lb at the forward rotor and
1300 1b at the aft; lateral loads averaged 250 and 500 1b forward and aft
reapecitively; vertical loads averaged 200 and 400 1b forward and afi
respectively. Both roll and pitch moments averaged 2,50C in. 1b at the
forward rotor and 5,000 in. lb at the aft rotor.

In-plane loads exhibited a trend with airspeed, low in hover, high at 20
knots transition, low at 80 knots cruise, and then a rise toward the top
speed at 105 knots. Vertical loads differed; the forward rotor was high
at hover and 105 knots, low at 60 knots; the aft rotor was low at hover
and 105 knots, and peaks at 60 knots. Rotor speed sweeps at 40 and 90
knots ind{cated an extremely rapid load buildup with rpm for longitudinal
load at both rotors und vertical load at the aft rotor. Llateral loads
and the moments ware not strongly affected by rpa.

Third harmonic vertical loads arise from direct addition of the vercical
components of third harmonic blade roct normal flap shears. Third haraocaic
in-plans loads come from second and fourth harmonic blade root lag shears
and from horizontal components of second and fourth harmonic blade root
norwal flap shears., The measured sezond and fourth harmonic resultant
rotating loads were the same in the longitudinal and lateral directions;

in the rotating system these directions refer to the master hub spline
azimuth and its perpendicular. The equality of these rotating longitudinal
and lateral loads is a proof that the causative blade root shears are
harmonically repetitive at each of the three blades. Second harwonic
rotating loads averaged 500 1b at the forward rotor; 900 1b at the aft
rotor. They displayed a tendency toward tha high hovexr, low cruise,

‘forcea levels which are characteristic of che fixed third harmonic airapeed

swoep, &nd showed a definite increass with rotor spsed. Fourth harmonic
rotating loads averaged 250 1b at the forward rotor and 500 1b at the

aft rotor. There were moderate changes with airspeed, but iarge increases
with rotor speed. In converting to the fixed third harmonic system,
second and fourth add to produce large longitudinal loads and subtract

to produce small laterai losds.
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FULL-SCALE FLIGHT TEST DATA
REIATING TO ROTOR UNSTEADY AERODYNAMICS

Charles W, Ellis
Chief Test Operations Engineer
Kuman Aircraft Corporation
Bloomfield, Connecticut

INTRODUCTION

During the development of the HH-43B Huskie helicopter rotor system,
which uses a servoflap-controlled, torsionaily flexible rotor blade in
a teetering hub configuration, the opportunity arose to obtain a
limited amount of flight test data in areas related to rotor unsteady
aerodynamics and dynamic loads. The data obtained allowed some insight
into the significance of unsteady aerodynamics on forward flight rotor
stability, of the influence of rotor stability margins on rotor loading
in normal operating regimes, and of possible ground test methods for
substantiating rotor flutter stability margins. This information is
presented here in summary form,

BACKGROUND

During the conduct of the HH~43B structural demonstration program in
1959, flutter was encountered during the buildup to high-speed dive
test conditions., Two distinct flutter modes were found, one involving
servoflap bending and rotational deflection (against control system
stiffness) and the other involving blade bending anrnd servoflap rota-
tional deflections, These flutter modes were found to be critically
dependent on rotor lift ccefficient and dynamic pressure, occurring
only in high speed partial power descents,

Subsequent whirl testing at speeds well beyond normsl overszpeed whirl
test requirements showed that it was possible to duplicate the in-
f1light occurrences during static whirling. This enabled standard
flutter elimination techniques (mass balance, stiffness, and hinge
moment changes) to be used to raise the flutter speed well above the
operating range, and to substantiate this change prior to flight.
Subsequent limit speed flights in the critical power ranges confirmed
the satisfactory nature of the changes made, showing no re-occurrence
of flutter in the entire flight envelope.
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DISCUSSION

Figure 1 shows a typical variation of vibratory servoflap load with
collective control position at constant airspeed. The data was obtained
by establishing an ai.speed in level flight and then slowly lowering
collective while increasing rate of descent so as to maintain airspeed.
Collective variation was sufficiently slow as to make each data point
shown a quasi-steady state point. When the collective <ontrol position
reached 48 percent of the level flight requirement, a very sudden in-
crease in flap vibratory load was ncted., Detailed examination of the
oscillograph data shows this increase in load to have resulted from the
sudden appearance of s new non-harsonic frequency in the loading. This
frequency appeared each time the blade reached the maximum dynamic
pressure (advancing blade) region, then damped out rapidly as the blade
total velocity was reduced. Recovery was accomplished by a further re-
duction in power, which again returred flap loading to normal levels.

Whirl testing showed this particular flutter mode to be a coupling of
rotor blade third symmetrical bending deflection with servoflap rota-
tional deflection (against control system stiffness). Flutter only
occurred when rotor lca«ding was very close to zero 1lift (approximately
+10% of one "g" thrust), Flutter did not occur at integer multiples of
rotor speed nor at any fixed multiple of rotor speed.

Ana ysis of blade loading in flight also showed that the 1lift coeffi-
cient on the advancing blade at the fluiier point was very close to
zero. Flutter frequency was also equal to third symmetrical blade bend-
ing frequency. Apparently, then, a wake coupling existing in hover
operation and showing a strong variation with 1ift coefficient persisted

;igh similar 1ift coefficient effects cut to advance ratics of at least
.29,
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Since standard flutter analysis methods showed extremely poor absolute
correlation with the test results, the trends indicated to be sigaifi-
cant by analysis were explored on the whirl test facility. Use of
serveflap mass balance was shown to provide the most expeditious means
of eliminating the flutter mode. This approach was substantiated on
the whirl rig and then inr flight, yielding the data shown in Figure 2.
This plot shows the variatiocn of maximum vibratory flap load with air~
speed before and after the incorporation of the servoflsp mass balance.
Below the flutter speed point no influence of the flutter mode on
vibratory flap loads can be detected, both the the original and the
revised configuration showing identical loads. Similar trends wereo
noted in blade torsional loadings.

O RS > e

it might be of interest to note here that flutter loadings were consid-
erably higher during static whirl testing than in flight. This appeared
to be due to the intermittent entry and departure from the flutter zone
in fiight as compared to the contimuous penotration of the boundary
during static whirl. The intermittent operation appesrted to substan-
tially limit flutter load buildup.
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The incorporation of servoflap mass balsnce shifted the blade chordwise
center of gravity aft, As predicted in Reference ., this change in
chordwise ¢.g. resulted in an increase in high speed rotor vibratory
shear and bending moment, Xt was therefore necessary to add additionzl
blade mess balance to compensate for the change produced by the fiap
counterweight, Figure 3 shows the effects of this change on blade root
flatwise vibratory loading, and compares the results with the loas
variation predicted in Reference 1. Somewhat larger flight test varia-
tions are seen than were calculated. It should be pointed out that

thig change in blade root loading increased rapidly with airspeed,
indicating the increasing importance of blade torsional deflnctions on
flatwise loading as airspeeds are increased., Using cg-ac offset zs 1
means of vibratory load reduction at high speed, as suggested by Reference
1, appears to be a powerful tool; a 1/2% change in cg-ac offset produced
an 18% reduction in flatwise vibratory loading.

It has already been pointed out that static whirl testing was successful
in reproducing the characteristic frequency and 1ift coefficient sensiti-
vity of the in-flight flutter modes. It is interesting to alsc note,

as shown in Figure 4, that whirl test flutter speeds and flight test
flutter speed correlated well on a servoflap dynamic pressure basis.
While this result appears to be somewhat different than results obtained
on model rotors in the wind tunnel, and hence may only be applicable to
rotor systems with localized control devices, it has provided a coanvenient
means of providing successful ground substantiation of flutter integrity
in subsequent servoflap rotor configurations, Xlight test investigation
on these rotor systems has continued to prove that freedom from flutter
on the whirl rig means freedom from flutter in flight up to similar
servollap dynsmic pressure, Combinations of overspeed and propeller
slipstream velocity were used in achieving desired test 'q'". Additional
testing to define the usefulness of this method for general flutter
substantiation would be desirable,

SUMMARY
In summary the data shown here indicates that:

1. Reducesd damping at zero lift coefficient (wake effects) apparently
persists at substantial advance ratios (up to 0,3)

2. Torsiomal coupling and relation between operating chordwise c.g.
and flutter boundary can have a significant influence on blade
vibratory loading.

3. Constant dynamic pressure testing offers some prowmise of providing
a moans for static flutter margin substantiation.

REFERENCES

1. Helicopter Blade Vibhration and Flutter, R. H, Miller and C, W, Ellis,
Journal of the American Helicopter Society, July 19858
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EXPERIMENTAL AND THEORETICAL STUDY
OF LOCAL INDUCED VELOCITIES
OVER A ROTOR DISC

S. Tararine

Giravions Dorand, Paris, France
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EXPERIMENTAL AND THEORETICAL
STUDY OF LOCAL INDUCED VELOCITIES
VER A ROTOR DISC

V.5. TARARINE

GIRAVIONS DORAND ~ PARIS = FRANCE

I¥ w8 have to avaluais ths sarodynamic losds cver s helicoptar rotor

1 .m, we must teke in account the affscts producesd by wake vorticss issuing
* s b blades,

Jur purpoms is to define these weks vortices in psrmanmnt state by using
.5 ..ts o tssts parformad in the wind tunnnl, This will be dons in thres

‘rat wu shall show the location of helix vortices,

7

"nan @ shall spply thesss rssults to a sample calculation in hovering ‘light.

i~ally we shall give soms .-as..ts for the transient dynamic case.

T~e moat extensive part of the results presented in this paper comes from
-» "Experimental and theorsticel study of local induced velocities over s rotor
s. ‘ar analytical avaluation of the primery loads acting on helicoptsr rotor
. This werk was carrvied outc by "GIRAVIONS DONAND Co,® undsr the sponsor-
f tne CUROPEAN RESEARCH OFFICE US, DEPARTMENT (¢ THE ARMY,

i taxe hare the occasion to thank the U,5,A, TRECOM who made it possibls
»..x8 work to be accomplished and to be prasen:ed nere to day.

L A - - M £ Y

Ayl the wind tunnel teats wera performed wind tunnsl of the Inatitut
» ~# anigues des Fuidas at Marseills.

4. il

J-ALLON OF FREE YORTICES

- 5iide 1 shows tho case where the circulation " is constant along

the span but varies with time, The sirasicht sides of the classical horve

£ L)

walsy ¥ Et Eo 2 i

e
fNY

15

h;&
MRS

13

shos vortices ars now helix like curved linss, Tha radial vortices
appear as the rete of circulation {7 changms with time,

Slide ? shows the theoratical cass where the circulation [ varias
along the  an, Tha rapid rate of change of |7 at the tip of the
tloda, between points 2 ond 3, produces s well locatad vorticas which
~an sasily be ssan in wind tunnsl, The slow rate of chsenge of circu-
jation M at ths root of tus blade betwssn t ond 2 gives a mors
41ffuasr vartice,

5.1de 3 offurs a theoratical s:planation,

-
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Slide 4 shows tha tip vorties,
raar ssction under tha dlsc,

Slides 5 and 6 show the ront helix vortice which is moving in a ture
bulent reginn,

Slidea 7 and 8 show ths tip helix vortices,
line of the root vortics,

For this reason wa can not essume a ragular hslix form and we are
obliged to conzider the real helix,

1.2 = Lip vaxtices

Tha helix is atrongly deformed at the

1 have drawn thes contour
The intscfersnca betwsen the two vortices
is the cause of the strong deformation of the helix at the rear
sactor of ths disc,

Slide 5, For an instantaneous azimuthal position ¥=J2( of the
blade wa have imasured the vertical distancea A, Ag ,AgAy betwesn

two successive vortices,

We have achisved this in two different ways,

In the first method amoke was emitted from tha tip of the blaca,
We have s=lrsady ssen a pair of thess photos,

In the second method (slide 10 and 11) the smoke smission was sxternal
and was dirsctad so that the tip of ths blade cut the smoke st different
given azimuthal angles,

~ For avery "flight” ws repeatad the sxpsrimsnt for 24 different azi-

In this way ws know the carrect distance
of the vortice in the nesibcurhood of the instantsnecus blsde pesition,
This measursmant was mads on corresponding pairs of photos,

muthal values,

- We may wxito that the vartical distance AqAg

Vig (¥

is product of

inflow velocity time the time interval which separate two

succeséive vortices,

[ A Ay =Aghs = _E N, (¥

\&lﬂﬂvalocity is the inflow velocity induced by the wakes,
This velocity is not the induced velacity to be introduced in the
thrust foimula but it helps us to locate corrsctly the wake wortice
in the nsigh bourhood of the instantanecus blade position.

We have compared this inflow Velocity to the mean inducea FROUDE
velacity V., given in the text book 1

Vi (0= Vo [1 + ST, ()]

“’j e BN

(=3
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Slide 12 - Tha typical varistiocn of non dimensionnsl inflow velocity
with ezimuth is shown in slide 12,

Slida 13 shows ths ssms varistiona around the disc.
1.3 - We have studisd the diffsxrsnt influsnces of i

= zollective pitch
« tip spend ratio

~ snols of attack of the rotor
{ & is considersd negative for noss up)

« cyclic pitch {pitch snd roll)

-~ aclidity

= Lock'a constant,

Diffarant cutves are given in the tzxt, The most important influencss
come from the tip spsed ratio, angle of attack of ths rotor and cyv.ac

piteh, The collective pitch and solidity influencs mainly thes mean
velue Vi, .

1.4 = We are now able to give coordinates of an element of & helix vortice,

Slide 14, Let us consider at tima ¢t a vorxtice slement wich had left
the blade T, seconds ago that is to say at t = T

- For an element of tip vortice we propoas i

(= -Neso . (t=T,) + Reos£2(t-T,)
,3) | Yr= Rsin.(t-7)
Zyz-Rp (£-2)) Vi (%) (t-2)

| - 2tz

This »ans that aftax leaving the blade the vortice elsment has bsen
tuksn by the rssultunt wind due to flow velocity plus Vig{¥}(the
inflow velocity is shown in ths curves given in the text,

-~ for an slement of helix vortice we propose the following formulas:
[ xg=-Vesa.[t-C0) 47 cosl.(t-T,)
Ya = g8 Siﬂﬂ.(t't\)

(1,4)
za=“ro/3 (t-T.) * Yirm (t-T.)

L

ATtexr a psxiod, e i» eitue«tsd approximataly at the ceniar of gravity
of the positiva decivatives ma._. of the circulation,

)
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1.5 = Slide 15 = The strenghe | of the tip vorticss grs aqual
and cppoeits 1

(1,5) I‘M..[% Ci.e.(Lr +Vsin W)me

Tha PM valus car be devulopped as & FOURIER ssriss and the first
torm can be sstimeted by the foxmula of MEIJER DREES,

1.6 = Wu mey now calculatc ths location of wske vortices,

2 - EXNPLE

2,1 =« How may we apply the previous results to calculats sarodynsmic loads
slong the blads.

Slide 16 ~ We shall trmst tho weaks of the blade in two zones. The
first zone iy in the plane of ths disc; it is defined by two azimu~
thal positions :

( instantaneous ¥ = MLt
{2,1)
{. and “‘": _Q(_t-_z_--)
T 2K
L L2

This zones can ba truated by methods similar to thoss ussd for
fixed wings,

- Ths second zone of the wake comprises two helix vortices and possibly
radial vortices. We estimate that if the disc loading is great
snough wa can teke into account only helix vorticss with a constent
i circulation strsngth.

2.2 = As a nunmericel exanpla we took the two blade rotor of Mr John
R.RABBOTT Jr. (NACA T.N, 3688 July 1956, snd we shall compare the
theoretical results to the axparimental results found by Mr RABBOTT,

Slide 18. The local circulation [ () st a station r along the
A bladz is given by the 1ift Line equation

@2 Tulr)= 4 Qre _i__c:.(ec - Ve YVis )
o

The invduced velocities ars produced by the weke of blede A and
blade 2, Tys velocity produced by the wake of blsde A is divided
into two zonsa {1 and 2) ths new squetion ¢sn bs written ac follows :

R
(2,3 Mylr) =AedCe Qre AcdCe| 20 4 4o,
2 d« 1 del #n, M4 ron,
146V, V)
--2'-‘&‘( TR WA
e




Tha unknown gquantitiss are 3

4

PA (r} 2 function of ¥
(2,4) { My  ssximum valus of circulation

V;

inflow velocity

k m

The inflow velocity valus is calculatsd by the siementary FROUDE gtrip
formula at T = 0,3,

« To resolve the squation we used an iterstive method. Ws estinate the
valus of 'y and we calculats the [y () function, Then we drew
the curve Ty ( ) to obtain a new maximum value; the process is
repsated and in the cass prssently considersd we found we required
four itsrations to obtain a good solution (Slids 19),

The compariscn bstween the ~raposed method (Siides 20 and slids 21) and

the oxpsrimental results is valuabis. Howevar it will be necsssary to
sxamine other sxasplc: to verify the theory,

3 - 3 RESIATS FOR THE TRANSIENT STATE ARRQDYNAMICS

3¢l = Thess a few underlying xesults of transient state asrodynamic will
halp us to proposs a trestsmegt which teks into account the effsct
of radial vortices in permanent state.

3.2 - If we change the collactiva pitch fram 8, to Geq (Slides 22, 23,

} the response in thrust of the rotor can prasent vexy differsnt
aspects because thers ars many vhenomena which may intsrfars,
- Primary factors seems to be ;

a) the rste of changs of collective pitch
b) flapping movement
c) disc loading.
We shall now consider a few rssults experimentally obsarved.

3.3 = The two blade rotor hed hegvy blaudes (ihe LOCK constant was approxime-
tively 0.64), This enabled the waks ssrodyramice to be observad, The
flapping movensnt is small but poorly dampsd (S.ides 24 and 25),

The circulstion |7 around the blade is

(3,1) P:K(ecnl“al'ﬁi‘x)

Ly is the inducad angls by the first zons of the weke.

Ll is tiw induced angls by the sscond zones of the waka,

uS-
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{3,2)

As the circulation |  chenges with tims tha tip helix vartice is fed
with new vaortioss . These vortices cen bs sesn in the wind tunnel
by msang of smoke tracsrs, Their number incressss with thes rate

of change of callective pitoh (Photos).

Thase vartices produce ¢ dabdls effact g

1 - Thay psss wndar the blade and may inducs tha LOEWY'S (Van VOOREN)
effect,

2 ~ They deform the weke and changs its intensity,
We have effected ii, hovering *flight" a slow rete of changs of
collective pitch, the distance batwesn two suornasive vortices wes

greatsr than 1 -~ 1,5 chord longthe, Within boundaries of thia mxpa-
rimgnt remacks,

1 = If we changs collactive pitch from &, to Oc, the final perme-
nent stats is sstablished aftsr the vortice 2-5 has travelled
a vertical distance egual to approximetively ons blade chord,

2 - The thrust varistion with time is not sxectly the sawe if we
diminish or incrsase the piteh,

3 =« If the changs of pitch is sinumofdal having a frsquancy from
0.5 to 3.5 cps, thers is phanelag betwsan ths pitch snd thrust
variation of about (we period ('T = %‘_)

The thrust is propartionnal to @

B -4t O, = fle-ae) - f&)- B¢ Flo)
At 4T

¢4 ~ The influsnce of flapping may have two aspects ;

1 = Thw flapping velocity changes the circulation | of the
blade 1

(3.3} 'r’s k(Bc-iI - ZLK —% /4.)

2 - The flapping modifiss the distance from the blade to the waks
under the disc, This distance measured in half chords is 3

-

(23,4) 28T _ L. b
o e

« Ro
ol sngle of incidence of the blade
$" local molidity,

Thia distance cen be quit great in two cases i
nfym

{
‘
i

|

i




a) - light blades sxcitsd st Trequencise between 0 and L2 ,
b} ~ all biades at ths resonance frsquency L2 .
The two pravious phenomena sre bound together. We can obsexve them on
the slide ( 22 ), As the pitch has reached its finsl valus thexs
renains some timg after only the movment of the blade it self,
Theoreticaily the thrust varistion is proportionnsl to : (Slide 38)
AP
£2
(Slide 22} In fact the thrust cacillates with e period 30 % grester
than T » g period of revolution.

The damping of this oscillation is lower by about ons half than
thecretical one,

3.5 - Conchuaian
We sstimats that in usual permenent flight the effact of the variaiior

of circulation 2T which is attached to radial and helix vortices
will be & ©  corrective only. We suggest the following form 3

Ple-at) = M(e) - 4t ()

4 - CONCUSIQN

1 - We tried to define the wake vorticss bs using sxtensive sxperimgntal
results in non dinsnsional form,

2 « The strong intecfarence betwsen the two heliw deforms ths rogular curves
and we ars obliged to consider the real helix, This phenomsnum is cer-
tainly infliusnced by ths neigh_bourhood of ths fuaslage for low * r. v,

«00000~
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ROTOR AIRLOADS™

Raymond Piziali, Hamilton Daughaday, Frank DuWaldt
Cornell Aeronautical Laboratory, Inc,

INTRODUCTION

The problem of adequately predicting the aeroelastic response of rotating
wings has been one of the most formidable problems to confront the aircraft
industry., Industry has had to rely on expensive semiempirical methods and
previous experience to design and develop these aircraft components. Such
procedures do not provide the designer with a clear-cut rational approach to
his problem and they provide little hope of optimizing the blade design to any

given set of specifications.

The aeroelastic problem can be thought of as consisting of two closely
related parts: the aerodynamic loading, and the dynamic response of the
system. They are, of course, interdependent and related such that the aero-
dynamic loading excites the response of the structure and, at the same time,
depends on it, In general, the dynamic response of the system will consist
of fuselage motions and blade motions —- i. e,, rigid pitching, flapping, lagging,
and all the coupled bending (both flapwise and chordwise) and torsion modes of
the blades — while the aerodynamic loading will concist of the total reaction
of the air on the blade sections. This aerodynamic loading will include the
unsteady lift, induced drag, pitching moments, and profile drag which are
appropriate for attached and separated flow conditions with the blade sections

operating in normal and reversed flow.

7 v, Ly c T . 9 et . . ) .. . ‘. . - Lt T . - - N . u
- PUS SN SN BN W BN O eW W L

The vortical wake of a rotating wing ie quite complex; however, for

steady-state translation of the rotor and as viewed from the wing in the
rotating coordinate zystem, itis periodic. The wake-induced velocities at
the wing will, therefore, also be periodic and these together with the periodic
veiiation in the lozzl tangential velacity ldynamic nressure) will cause the

aerodynamic loading to be periodic. Thus, due to the time-varying airloading,

* This work wae accomplished under the sponsorship of the U, S, Army TRECOM.
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the vortical wake will consigt of continuous distributions of shed and trailing
vorticity which, at any instant, will be generally concentrated on a skewed
and distorted helical surface; these distortions of the vortical wake from a
skewed helical surface are, of course, the result of the time-varying three-

dimensional induced velocity field of the wing and wake,

The above discussion points out the general complexity of the over-all
aeroelastic problem for rotating wings and the interdependency of its various
aspects, Any practical method of predicting this aercelastic response will
certainly make use of many simplifying assumptions. Some of these
assumptions will be generally applicable; however, there will be others
whose validity will dzpend on the particular wing and operating condition
being analyzed. For example, in general, it will not be possible to neglect
the aerodynamic coupling of the blade modes but for a specific problem this
may be a valid assumpticon, A.lad, it will probably not be possible to compute
the aerodynamic loading and the structural response independently; they will
have to be computed simultaneously by satisfying the equations of motion or,

possibly, by iterating between separate loading and response computations.

Any method of solution of the rotating wing aeroelastic problem must
adequately predict the wake -induced velocities at the wing. However, it is
very difficult to represent mathematically {or computationally) the wake effects;
this, in the past, has been the prirne obstruction to an adequate solution, The
attempts of earlier investigators to solve this procblem necessarily were based
on relatively drastic simplifications of the wake in order to make the problem
computationally feasible. Modern high-speed digital computing machines have
now meade it physically possible to account for much more of the realistic
wake detail, It is, therefore, now possible to formulate a representation of

the wake which will eniable accurate computation of the wake-induced velocities.

This paper reviews our initial approach to the rotating wing aeroelastic
problem and some of the results of this effort, A detailed discussion of this
initial effort and the results are presented in References 1, 2, and 3, This
is followed by a discussion of some of the remaining problems and the line of

attack currently being followed in their solution,
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THE INITIAL APPROACH TO THE PROBLEM

For the initial effort on this problem, it was felt that it would be
advantageous to concentrate on only the aerodynamic loading aspect of it
(i.e., to bypass, for the present, prediction of the structural response}.
This was facilitatec by using measured dynamic response as a known input
with the exception «f the first harmonic flapping which was approxima‘~ly
forced to equilibrium by an iteration with the flapping equation of motion.
Furthermore, an attempt was niade to simplify the problem as much as
possible for the initial effcrt by eliminating all but the most essential features

and effects,

Each blade of the rotor was represented by a segmented lifting-line
(bound vortex) located along the steady deflected position of the quarter -chord.
The number of segments, n , and the Jength of each segment are arbitrary;
they are each straight and of constant vortex strength, The lifting line is
considered to advance in a stepwise manner through '* N " equally spaced

azimuth positions.

In the wake, the continuous distributions of shed and trailing vorticity
of each blade are represented by a mesh of segmented vortex filaments; each
segment is straight and of constant vortex strength, The segmented trailing
vortex filaments emanate from each of the end points of the lifting-lire
segments, The segmented shed vortex filaments intersect the trailing

filaments in a manner such that the end points of both are coincident (Figure 1).

The strengths, dr'/dt , of the shed elements are equal to the change in
strength of the bound vortex segments between successive azimuth stations
and are deposited in the flow at each azimuth station of the bound vortex. The
strengths, dP/dr , of the trailing vortex elements are equal to the differences
in strengths of a4jacent bound vortex segments and are deposited in the flow
in a manner such that they connect the bound vortex end points to the shed
vortex end points, The displacement time history of the wake elements is an
input in this method; thus, any physically realistic distortion of the wake can

be incorporated into the computation of the airloads.
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For sach azimuth position, the airloads are computed at the mid-points
of the lifting-line segments. Thus, the airloads are computedat{ n )( N )
points of the rotor disk., These points F. of the disk are labeled as shown
in the exarnple of Figure 2; subscript, k¢ , refers to position in the disk.

The expression for the lift per unit span, for a blade section at any point, Ph ,
of the disk, is taken to be

Ik’/ovg Ia {1)

where

no= akbklvll(xk--gf + %’f.) (2)

The quantity in parentheses is the instantaneous '‘effective’* angle-of-attack

at the three-quarter -chord point, where «{; is the instantaneous geometric
angle -of -attack with respect to the tip-path-plane, Fk  the "effective" plunging
velocity with respect to the tip-path-plane, and W} the velocity component
normal to the tip-pzath-plane induced by all the wake vorticity and the bound
vorticity of octher blades, The strengths, fk . of the bound vortex elements
are considered to be the unknowns for the method of solution developed.

The velocity compunent in a given direction induced at a point by an
arbitrarily oriented straight vortex filament segment of constant strength is
given by the Biot-Savart law as:

§-f7 (3)
where I is the constant vortex strength of the filament, and the coefficient
4 is & function only of the coordinates of the point where the velocity is being
computed and the coordinates of the vortex filament end points. The velocity,
Wy » of Equation {2) can be computed by summing the contributions (given by
Equation (3) ) of each individual vortex element of the blades and wake as
indicated by Equation (4).

W, <y f¥ +a§b&r’ (4)

Wake,
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However, each wake vortex eiement strength ¢ of Equation (4) is just the
difference in strength of two of the unknown bound vortex segment strengths,
f: {i. e., g = le. -1, , where & and b are two values of the disk
position subscript, # ). These ) relationships are depicted in Figure 1
relative to a point fx of the rotor disk. If these differences are substituted
for the , Equation (4) can be expanded and the unknown [, grouped and

factored out, Thus, the Wy can be expressed as
nN
wy =) G I3 (5)
VLY
In Equation (5), the "l are the unknown bound vortex strengths and each Oz £
is the sum of all the coefficients ¥ of a common C, in Equation (4). By
substituting the &}, given by Equation {5) in Equation (2) and letting I, =
a, by (% Ay -HA) » the following expression for Iy is obtained:

F-M[I*-O-b’fcf’-f'] (6)
A VA 3 [ n‘.', | W
A set of linear simultaneous nonhomogeneous equations with constant coefficients
is obtained when Equation (6) iz written for each point, P,l , of the rotor disk

at which the airload is to be computed. Thus, the airloads problem is reduced
to obtaining the solution to this set of algebraic equations for which the unknowns
arethe (n ) ( N ) bound vortex strengths M

The effects of stall were approximated by effectively limiting the lift
coefficient to its valu.e at the stall angle for effective angles of attack greater
than the stall angle of the blade section. It is poasible within the framework
of this initial method to use more representative lift coefficient variations
with angle of attack than the one chosen here, It should be noted, however,
that incorporating etall in this manner assumes that the stalled section lift is
all circulatory and there are, therefore, shed and trailing vortex elements in
the wake with strengths determined by the stalled values of the bound circulation,
In reality, the predominant part of the airload on the stalled section may be
noncirculatory and due to the separated flow (i, e., analogous tc the pressure
drag on a flat plate at large angles of attack), Some indication of the magnitude
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of the separated flow forces experienced may be obtained by using the measured
airloads and dynamic pressure to compute the corresponding normal force
coefficients; they are found to be extremely large for portions of the rotor

disk where the blades are evidently stalled.

Reversed flow effects are account . for in the computation approximately
in that the sign of the lift force and the sense of the bound, shed and trailing
vorticity are always consistent with the local tangential velocity, V , and the
"effective' relative angle-of-attack of the section as it approaches and passes
through the region of reversed flow, However, the wake remains attached to
the bound vortex oi the blade (although its positior and orientation corresponds
to the local inflow velocity) and the bound vortex remains at . . juarter -chord
while the blade approaches and passes through the region of rever:cu f.o .. In
reality, when a section is operating unstalled in reversed flow, the center of
pressure may be approximately at the three-quarter-chord; thus, the bound
vortex should, possibly, be placed at that station and the induced velocity
calculated at the quarter-chord.

Mach number and Reynolds number effects can be approximated as vari-
ations of lift curve slope of the local blade se_tions, For a given rotor and
operating conditions, the Mach number and Reynolds number distributions
over the rotor disk are fixed (known); thus, these effects can be incorporated
into the computations by introducing the proper distribution of lift curve slope
over the disk,

The sensitivity of the computed airloade to the number of revelutions of
wake retained and the wake distortion was investigated computationally for the
NASA model rotor (Reference 4) at an advance ratio of 0,15,

For this rotor and operating condition, three revolutions of wake accounted
for practically all of wake-induced velocities; extending the wake to five revo-
lutions only resulted in 2 maximum change of two percent in the magnitude of
the lowest harmonics of the airloads {i. e.. the steady. first. and second

harmonics). This was expected because the distant wake will have a relatively




uniform influence over the disk and, thus, affect primarily only the lowest
harmonics of the resuits, The general conclusion i that the first few
revolutions of wake are the most important with respect to dynamic airloads,
and the amount of retained wake will depend on the rotor and operating con-

dition being investigated,

Sensitivity of the computed airloads to distortions of the wake from a
regular skewed helical surface was investigated for sevzral relatively
arbitrary distortions; the sensitivity experienced was moderate for this case.
The only conclusion to be drawn from these results is that the wake distortion
could possibly be important for certain specific rotoras and operating conditions
and that further investigation should be undertaken to determine and properly
represent, at least to first order, these wake distortions, It ghould be
remembered that! the wake distortions are the result of a time-varying three-
dimensional induced velocity field and cannot be properly determined by oniy
the induced velocities at the blades or in the plane of the rotor, However, it
is noted that reasonably good agreement with measured airloads has been
achieved using a regular skewed helical wake which corresponds to a constant
and uniform induced velocity field, Thus, for the cases computed, this is

evidently a reasonable first approximatiocn,

The measured and computed airloads are presented here for iwo different
rotors and advance ratios, They are: (1) the NASA model, which was tested
in a wind tunnel at 4« = 0.15 (Reference 4), and (2) a full-scale HU-1A
helicopter rotor tested in flight at 4+ = 0.26 (Reference 5). To emphasize
the fact that apparent good agreement with respect to azimuthal distributions
does not neceasarily guarante(e good agreement with respect to the harmonics,
the following two forms of presentation are used: (1) the azimuthal distributions
(i. e., time histories) at each radial station, and (2) the radial distribution of

the sine and cosine components of each of the first eleven harmonics,

For the NASA model at i = 0,15, the computed and measured azimuthal
airload distributions (time histories) are presented for five radial stations in
Figure 3. The computed distributions have besn adjusted to have the same
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mean value as the measured distributions at ¢ach of the radial stations, 8o

that the nonuniform parts of the loads caa be directly compared. In general,
the agreement appears to be good. A more stringent comparison is made in
Figure 4 where the radial distributions of the sine and cosine component of

each harmonic of the airloads are presented. It is, here, obviow.s that when
the computed and measured radial distributions of the individual harmonics 3
are compared, the correlation does not appear to be as good; it is, however,

very encouraging,

For the HU-1A at i = 0,26, the airloads were computed with and without
the measured motions of the blades; the computation without the measured
motions did, however, have the steady blade deflections and the first harmonic
rigid flapping motion. The measured motions used included the flapwise
bending; rigid flapping, rigid pitching, and the torsion modes; only those
harmonics of these motions which exceeded an equivalent recording trace
deflection of 1/50 of an inch were retained, Presented in Figure 5 are the
computed and measured azimuthal distributions of the airload at each radial
station; the computed results in this figure are for the case with the elastic

motions included and have been adjusted to have the same mean value as the

measured results at each radial station., The agreement here appears to be
quite good, although it is not as good as was obtained for the NASA rmodel at
M =0 15, Also indicated on each airload time history in this figure is the
agimuth range where the computed instantaneous effective angle of attack
exceeded 147 (i.e., the azimuth range for which the lift coefficient was limited
to a stalled value in the computations). It is interesting to note the change in
character of these airloadings on the retreating side of the disk from the out-
board radial stations tc the inboard radial stations, This is evident in both the
computed and measured results and is apparently the effect of stall occurring
on the inboard blade sections. The radial distributions of the sine and cosine
componente of each harmonic of these measured and computed airloads are
presented in Figure 6, Here, the results of both computations are presented,
i. &, . with and withovt the measured motions. The most gignificant differences

between the two computed results appear in the firat through the fifth harmonics
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because, with the exception of the fourth harmonic motions, only the first

five harmonics of the motions were of enough significance to be retained;

the fourth harmonic motions were insignificant . and, thus, neglected.

It is interesting to note that even though there were no fourth harmonic motions
used in the comput;ation, a significant difference did appear between the fourth
harmonic airloads obtained from the two computations which can only be
attributed to the other harmonics of the motions. Here, as for the NASA model
results, the correlation, based on the individual harmonics, does not appear to
be as good as that based on the azimuthal distributions (i.e., time histories);

the results are, however, very encouraging for this initial effort,

Some additional interesting resulte from the HU-1A computation which
used the significant motions are presented in Figures 7 through 9. In Figure
7, the induced velocity distribution is presented as a contour plot over the
rotor disk; these induced velocities at the various points of the disk are the
velocity on the blade when it is at the point, i.e., they are the induced veloci-
ties in the rotating coordinate system. It should be noted that the contours are
not of equal increments of the induced velocity, The two most interesting
features evident in this figure are the nonuniformity of the induced velocity
distribution, especially for an advance ratio of 0,26, and the large induced
velocities and steep gradients on the rstreating half of the rotor disk; the
latter tend to alleviat: the so-called retreating blade ''tip-stall' by reducing
the instantaneous effective angles of attack, This is evident in Figure & which
presents a contour plet of the nondimensionalized, instantaneous, effective
angle of attack over the rotor diek; the angle of attack has been nondimension-
alized to an angle of 14° (the estimated stall angle for these blade sections).
Experimental wind tunnel results obtained by the NASA (Reference 6) seem, in
general, tc confirm these results. The tuft patterns presented for operating
conditions which are well into the stall region appear to indicate that the out-
board portion of the blades remained unetalied. Further, it was observed in
the tunnel tests that the total lift did not tend to fall off as the apparent stall
area increased, and the variation of longitudinal flapping with advance ratio
did not exhibit the change of zlope that might he axnactad had there hean nro.

gressive tip stall, The large induced velocities and steep gradiente on the
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retreating side of the disk and their absence on the advancing side are related
to the concentration of the trailing vorticity near the blade tips and shifting

of the airloading toward the tips on the retreating side, This shift of the air-
loading, which is influenced by the inboard area of stall, is evident in Figure

9 (a contour plot of the airloading over the votor disk).

The induced drag and its harmonic analysis are also a part of the output
of this program. For this case, the first through third harmonics of the
induced drag are sizeable and resonance conditions could be toublesome at
the higher harmonics, This induced drag distribution, when used to compute
the. induced power, yields a result which is approximately three times that
obtained by a conventional method based on the uniform inflow assumption. *
The coaclusion to be drawn from these results is that more rea’istic induced
velocity distributions will, in general, yield a higher induced power expendi-
ture, o This is consistent with fixed-wing theory,

* These results are presented and discussed in more detail in Reference 3.
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GENERAL DISCUSSION AND RECENT WORK

In the initial approach which has been discussad, the dynamic response
aspect of the problem was bypassed to facilitate concentration of effort on
the development of the essential features of the computational procedure for
determining the airloading. As mentioned previously, this procedure was
possible gince computed airloads were compared with loads measured in
flight for configurations where the dynamic response was aleo measured.
However, we must remember that our objective is to predict the aeroelastic
response and airloads on a blade when our only known inputs are given flight

conditions (i. e., cyclic pitch, collective pitch, advance ratio, etc.).

Two methods have been considered fo ' solving for the aercelastic
response. Cne consists of an iterative procedure where the airloads would
be computed for given inputs and dynamic response, and these airloads are
then used to obtain a second estimate of the dynamic responses, The second
method involves the simultanesus solution of the aerodynamic load and

dynamic response problems.

It is clear that the iterative procedure has some fundamental difficulties
from a theoretical standpoint, although it may be adequate in some cases, The
airloads computed at any step of the iteration are based on the prescribed
inputs and dynamic responses of the preceding iteration, and they include the
corresponding aerodynamic damping loads, There appears to be no exact
method available for separating the aerodynamic damping from this total air-
loading, although an approximate estimate of the damping can be made with
quasi-static asrodynamics,

The dynamic response for the next step of the iteration can be computed
treating the total aerodynamic force (including aerodynamic damping) as the
exciting force. In this case, the responses near resonances are very iarge,
being only limited by the comparatively smzil structural damping, and it would

be expected that the CONVergences Ul tNe PrulLsiudd ~uusu vé pocs. o improved
P r 'y

convergence can be obtained by, first, approximately estimating the aerodynamic
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damping and subtr- :t g it from the total computed airloading to obtain the
forcing function. Now, the same approximate treatment of aerodynamic
damping would be included in the computation of the dynamic responses for
the next step of the iteration,

Currently, we are evaluating the advantages of the exact treatment of
the problem which closes the loop on the airlcad and response calculations.
It turns out that the general technique which has been described for handling
the airloads problem alone can be extended to include the determination of
the dynamic responses.

In steady flight, the response in each of the dyramic modes of interest
can be expressed as a Fourier series with the fundamental period of one rotor
revolution. Thus, for example, the amplitude velocity, and acceleration in
the qth dynamic mode can be written,

%=Z (an Cve N2t + bh An n_ac), j.— "'Q’Z(" Qn un nat+ b,,mn.at)
n n
'g = -n_r),z§ (a.,, teanat + b, Alm.annt)

However, this harmonic description of the response is incompatible with the
time domain description which is used in the airload computation discussed
earlier, The situation is easily remedied by expressing the Q4 and b,
coefficients in terms of the N values of 7 at the N azimut.h positions used
in the aiiload determination. By this means, the velocity, Z , and acceler-
adon, , at a given agimuth position, can be written in termas of the 7 's
at all N azimuth positions. It also proves possible to express the structural
damping in each mode in terms of the N 3, 's,

When the dynamic response is considered simultaneously with Lhe airloads,
an equation of motion is added for each of the ¥ modes considered which must
be satisfied at each of the N azimuth positions. Thus, there are N times S

new variables to be includad in tha machins calenlatian  Tn additian ¢o tha wauw.
equations of motion obtained, Equation {6) is also modified when the dynamic

reaponse is determined simultansously. Some of the prescribed inyutn,I,e '
bacoms linear functions of the new variubles, However, the revised equations

can still be arranged in the same form and solved in an analogous manner,
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It has been found conceptually convenient to view the aerodynamic loading
aspect of the over-all aeroelastic problem in the following manner: The wing
and its "immediate' attached wake can be thought of as a "'wing-wake system!'
for generating a force, This system will have a characteristic transfer function
which will describe the variation of the output (i. e,, the airloading) with the
frequency of the input (which is a time-varying angle of attack). The remainder
of the wake, which is the returning wake of the wing and all the wake of the
other wings in the rotor, and the motions of the wing are then thought of as
providing the input to this system. For example, when the classical two-
dimensional oscillating wing problem is viewed in this way, the wing section
and its entire wake will make up the wing-wake system, and the inputs are
just due to the motions of the wing, When the immediate wake of the rotating
wing is considered as part of the system, it will influence the system transfer
function and, therefore, be effective in controlling the system response to the
inputs rather than functioning as part of the input source. The point of division
between the immediate wake and the remainder of the wake is, here, unim-
portant because the model is used only as a convenient way of thinking about
the problem and not as a basis for computation. The probleimn is, thus, con-
ceptually divided into two parts: the first part being the inputs to the wing-wake

system, and the second part the wing-wake system itself.

The displacement time history of the wake will certainly influence the
inpute to the wing-wake gystem, and it has been determined that the airloading
can be sensitive to this displacement time history. At any instant of time, the
wake will appear to be a skewed and distorted helical surface, The skewed
helical surface upon which the distertions can be thought to be superimposed
is determined by the rotor translational velocity, the tip-path-plane angle, and
the rotational velocity of the rotor. The deviation of a particular wake element
from this surface at any instant of time depends °n the induced velocities it
has encountered since it left the wing, Because th: first revolution of wake in
the strongest source of input to the wing-wake system, it should be positioned

13
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with the greater precision. Although the computational procedure of the

initial effort is capable of accounting for any rather general wake displacement
time history, there still remains the question of the correct displacement time
history, To determine this exactly would require that the tctal induced veloci-
ties be computed throughout the wake for each instant of time and that the wake
elements be moved according to their local induced velocities for each incre-
ment of time; such a procedure becomes computationally impractical, even on
a high-speed digital computer. A possible approximation which is being
attempted would require repeating the loads computation at least once {i. e.,

at least one iteration) to determine the proper wake distortion, First, the
wake displacement time history would be assumed as it is now for the initial
method. The velocity time higtories of selected wake elements would then be
computed as well as the velocities at the blades., These wake element veloci-
ties would then be used to generate the wake displacement time history for the
second computation, It is anticipated that the position deviation from the
assumed displacement time history will not significantly alter the induced
velocity at each wake element; therefore, the convergence of the position
should be rapid. Additional iteratione would be carried out to test this postu-
lated behavior.

In addition to having an adequate representation of the input source for
the wing-wake system, a successful computational procedure must have an
adequate representation of the wing-wake system itself. In the initial approach,
the wing was represented by a single bound vortex at the quarter-chord,
satisfying boundary conditions at the three-quarter-~chord and the immediate
wake was represented by a system of concentrated vortex filaments shed at
equal increments of time, The major approximations involved in this initial
approach are: (1) the boundary conditions are satisfied at only one point on
the chord, and (2) the iminediate wake is represented by concentrated vortices
equally spaced in time from the trailing edge. These approximations of the
wing-wake system seem relatively drastic, but they produce relatively good

zzzultz, The apparant socd results thue far ohtpined uaing this reanresentation
may be due to the relatively low reduced frequency range of the predominent
part of the airloading and/or may also be the result of compensating exrors

arising from the approximations.
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From a mathematical point of view, the boundary conditi n at any
instant of time over the chord, to be satisfied by a distribution of sing-larities
on the chord, is the sum of all the velocities normal to the chord at tha.
instant of time, This boundary condition, which is termed the '"instantaneous
effective' boundary condition, is composed of the nermal velocities due to the
angle of attack, camber, gusts, etc. (i.e., due to all the inputs to the wing-
wake system), plus the normal velocities induced by the immediate wake; thus,
it is through this influence on the instantaneous effective boundary condition
that the immediate wake is effective in controlling the wing-waxe systern
response, In the airfoil probiem, this instantaneons effective boundary
condition is, of course, related to past history of the singularity distribution,

i, 1., the airfoil problem is a succession of related bourdary value problems.

If the singularity distribution (i, e., the distribution of bound vorticity)
is expanded in a Glauert series and the instantaneous effective boundary con-
di-ion in a cosine series, the correspending coefficients oi the two series can
be shown to be directly proportional to each other. Because the lift and moment
arc functions of only the first four terms of the Glauert expaneion, they therefore
dep nd only on the first four terms of the instantaneous effective boundary
conaition expansgion. Thus, to predict the lift and moment, the wake repre-
sentation need only represent adequately the first four termas of the expansion
of the wake -induced velocity distribution (i. e,, the low order part of the
distribution) and then the wing representation should be capabic of satisfying
this boundary condition over the entire chord,

The amount of improvement in the computed lift which would result from
the uae of such improvements in the computational model is not clear. However,
it is beiieved it would yield much more realistic aerodynamic moments; thus,

such improvements are being implemented to determine their benefits,

The chordwise boundary condition will be satisfied over the entire chord
by directly computing, for each element of wake vorticity, its contribution to

each of the first four Glauert coefficients {instead of computing the induced

volooity ot tha thyas_muartarerhard due to each element as in the initial approach),
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This is accomplished by the use cf Glauert's well-kncwn integral which is
transformed to apply to the problem coordinate system., This amounts to
determining the first four terms of the cosine e.pansion of the chordwise
indused velecity distribution due to an element of vorticity arbitrarily oriented
with respect to tue blade chord., It is clear that the more distant a wake
element is from the chord, the less will be its contribution to the higher-order
terms of its cosine expansion., Thus, most of the wake (specifically that part
functioning as the input source to the wing-wake system) will contribute
significantly only to the first two Glauert coefficients (those which correspond
tc the linear and constant part of the instantaneous effective boundary condition
over the chord}., The immediate wake (that part which functions as part of the
wing -wake system) will, of course, contribute significantly to all four of the

Glauert coefficients,

There are two possibilities for the representaticn of the immediate wake.
First, there is evidence from some of our earlier computations that by proper
choice of the distance of the first concentrated shed wake element from the

trailing edge, it may be pox.ible to reproduce the first four terms of tue

expansion of the wake-induced velocity distribution with sufficient accuracy

to enable computation of the lift and moment adequately for the reduced frequency
range of interest, The second possibility is a formulation which has been
developed wherein the shed wake is effectively made a continuous distribution
behind the wing from the trailing edge back as far as deemed necessary. This
dustribution is not fixed; for each azimuth poeition of the blade, this distribution
will be a function of the total circulation about each blade section for each of ‘the
azirnuth positions, Both of these wake representations, together with ths above
method of satisfy ng the chordwise boundary conditionz, are being tried vn the
two -dimensional cscillating wing problem in order to determine their adequacy.

In the initial approach, the mesh of shed and trailing vortex filaments
was maintained for the entire retained wake. It is now believed that it may be
possible to eliminate all the shed vorticity for moat flight conditions, except
that in the immediate part of the wake; this could reduvuce the computation time
by approximately one-half,
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CONCLUDING REMARKS

It should be remembered that the over -all problem is an aeroelastic
problem and the airloading is but one aspect of it. Because of the inter-
dependency of the airloading and structural response, it may be necessary
to compute them simultaneously in order to obtain satisfactory results.
Direct application of such a formulation to aeroelastic stability analyses
is evident, Another inieresting area of application for this work is the

maneuvering or transient flight conditions of the rotor.

The work accomplished thus far indicates that a practical solution to
the aeroelastic problem is feasible. However, there are many possible
approximations and assumptions which may be utilized, and those which are
permissible are not yet clearly defined, Thus, it may still be possible to
improve the results while simplifying or, at least, shortening the computation.
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NOMENCLATURE

Lift curve slope: dCI/ddc

Blade semichord at each radial station,

""Effective'' plunging velocity of the blade section; includes the
component of the free stream velocity, ¥; , normal to the local
blade sections (i. e., the effects of the local blade slopes).
Subscript indicating position in the rotor disk.

Lift per urit span.

Number of radial bound vortex segments representing blades.
Number of equally spaced azirnuth positions at which the airloads
are computed; must be multiple of the number of blades in the
rotor.

The point of the rotor disk where the airloads are computed.
The radial coordinate of the rotor.

Blade radius.

Tangential velocity in tip-path-plane: Vs {Lr + V; Coaolr

Free stream velocity due to rotor translation.

The induced velocity component normal to the tip-path-plane at
the three-quarter-chord of the section.

Instantaneous geometric angle of attack with respect to the tip-
path-plane,

Stalling angle of attack for the blade sections.

Instantaneous effective angle of attack with respect to the tip-
path-plane: ogr S~ RA/ + W,

Longitudinal tip-path-plane inclination with respect to the free
stream velocity, Vi

The unknown strength of the bound vortex segment representing
the blade ssntinn

19
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Advance ratio: xu e Vs cow #, SR
Air Jensity.

Agzimuthal position.

Rotational speed of the rotor

20
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Figure | PICTORIAL EXAMPLE OF THE INITIAL PORTION OF THE WAKE OF A
TWO-BLADE ROTOR DIVIDED INTO FOUR (i.e. n = %) RADIAL SEGMENTS

+ Y cos xr

SUBSCRIPT k OF THE ¥=0
P AND [, INDICATES
POSITIOR 1M ROTOR DiSK

X

Figure 2 SAMPLE MAP CF C%PUTATION COMTROL POINTS IN TIP PATH PLANE FOR
FOR n =4, N =
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COMPARTSON OF FLIGHT MEASURED HELICOPTER
ROTOR BLADE CHORIWISE FRESSURE DISTRIBUTIONS
AND TWO-DIMENSIONAL AIRFOIL CHARACTERISTICS
By James Scheiman and Henvy L. Kelley
NASA Langley Research Center

SUMMARY

A comparison is made between sirfoil chordwise pressure distribu-
tions from helicopter .tor flight teets and static two-dimensional
wind-tunnel tests. Differences in actuel and two-dimensional-airfoil
ireasure digtributions are shown to exist. These differences in air-
foll characteristics are expected to amplify the blede flspwise and
torsional vibratory forces determined from two-dimensicnal-airfoll
data. Posesible reasons for these airfoil differences are briefly dis-
cugssed. The point is made that in endeavering to confirm current
refined theorles of calculating section angle of attack, it is essential,
in meking data comparisons, that care be used to prevent these differences

between ~~~ual and static two-dimensional-section date from obscuring

the effectiveness of the angle-of-attack calculaticns.

INTRODUCTION

Experience has shown that the sbility to perform an adequate
structural dynamic asnelysis of the rotor blade is marginal. This lack

of ability has generally been viewed ag attributable to unknown eir

b » A nlrnaenms e are snnT A ad Bl m el LY e
1rade and in nar ol er ta anbmoers Ao ons wnlocitics Sothor than oo

the applicability of two-dimenelional-alrfoil characteristics. This
view has tended to be confirmed, for example, by the resulis of rotor

test inflow velocity measurements and by the adequacy of predicting
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helicopter performance by use of two-dimensionsl airfoil data. In any
case, both inflow velocities and actual airfoill characteristics mist
be known in order to perform a reasonably accurate dynamic blade
analysis.

In regard to the inflow velocities, it is believed that the
capebllity of theory to predict these velocities for tria level flight
has significantly improved recently. With these new theories the
danger exists for blaming the remaining inadequacy of the inflow theory
for any lack of correlation between test and theory, when the differences
may actually be caused by airfoll characteristic discrepancies.

The valldity of two-dimensional data has been given little detailed
attention because of a lack of actual operating test date. Partly to
help fill this gep, the NASA Langley Research Center has recently
completed s hellcopter flight-test program which has utilized extensive
blade pressure instrumentation. These data provide a compaxrison of
the actual and two-dimerisional-airfoil chordwise pressure distributions
to the extent needed to illustrate that important airfoil characteristic
discrepancies do occur in the flight conditions sampled.

Portione of the flight measured chordwise pressure distributions
for two flight conditions are discuased. Semples of these distribu-
tions are directly compared with two~dimensionsl full-scale data (see
ref. 1) by equating the two normal force coefficlents. The chordwise
pressure distribution for other flight conditions and the movement of

the blade center of prassure are discussged.
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All reference to two-dimensional-sirfoil characteristics in this

peper refers to static two-~dimensicnal characteristics in distinction

to oscillating unstesdy two~-dimensional characteristics.

SYMBOLS

airfoil cherd

normal-force coefficient

differenvial pressure measured on the airfoil

dynamic pressure

radial distance to blade element measured from center of
rotation

blade redius measured from center of rotation

forward speed

chordwige distance measured from blade leading edge

center of pressure of airfoll section meapured from leading
edge

nondimensional tip-speed ratio, Eigiyr

blade nominal azimuth engle, measured from downwind position
in the directlion of rotation and disregerding blade lag

motion

rotor angular veloclity
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DISCUSSION

Normsl-Force Coefficient for Filght
With Blade Section Stall

A plot of the local normal-force coefficients Cy along the blade
radius for different azimuth positions is shown in figure 1. The
flight condition is for a trim, level-flight-cruise forward speed and
8. reduced rotor rotational speed and is thus for a flight condition
expected to produce local bladr-section stalling. Further detalls of
this flight condition are available in table IV of reference 2.

Notice the high values of normal-force coefficient in the area of
r/R = 0.55, ¥ = 210° to V¥ = 240° and for r/R = 0.75, ¥ = 250°.
These coefficlents correspond to dynemic pressures of approximately
50 pounds per square foot at r/R = 0.55 and 100 pounds per square
foot et r/R = 0.75. The norusl-force coefficient values, in these
areas of the rotor, corresmond to values above the maximum static
two-dimensional velues of Cy. Just prior to these high normal-
force coefficients a regpid rate of change in the normsl-force
coefficient is noted. This chenge in Cy can be directly related
to a two-dimensional-eirfoil angle-of-attack change and the corresponding
high rates of sngle-of-sttack change can be explained, for example, by
the rapid changes in local inflow velocities through the rotor. In
this inmtance an estimate based on succegsive normal-force coefficlients,
in the previously mentioned high angle-of-attack area of the rotor,
indicates a rate of roughly 100° per second or 1° per 2-1/2 blade-

chord lengths. Thie rapid angle«of~attack increase will
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provide a partial explanation for the lack of chordwise-pressure-
distribution correletion explored further ia this paper.

The circles on this figure are points where chordwise pressure
distributions are discussed in figures 2 to 4; the solid circles are

points where two-dimensicnal and fiight data are compared.

Chordwise Pressure Distributions for ¥lighst
With Blade Section Stall

Figures 2 to 4 are for the same flight condition as figure 1,
which was selected with the expectation of producing locsl blsde-
section stalling. A plot of the chordwise pressure coefficlent distri-
bution for r/R = 0.55 and ¥ = 165°, 195°, 210°, 225°, and 255° is
shown in figure 2. The blade~aszimuth position, integrated normal-force
coefficient, and the centers of pressure are as indicated. At V¥ = 165°,
the flight-test distribution agrees with the two-dime:nsional data; the
center of pressure is close to (slightly aft of) the quarter chord.
The normal-force coeffieient is below the two-dimensional stsll point.
At ¥ = 195° the normal-force coefficlent of 1.3 1s ebove the two-
dimensional stall value but the pressure distribution appears unstalled.
At the remaining azimuth locations the normai-force coefficlent is sbowve
the airfoll section two-dimensional stall point and no two-dimensional
data are avallable for comparison. The pressure dlatribution 1s such as
%o correspond to some separstion and, therefore, the pection can be
viewed ss exhibiting stsll characterlstics although the detalls of the
distribution have no counterpart in two-dimensional data. BRased on

exsmination of the contours of figure 1, this increased meximum Cy
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is expected to increese the vibratory amplitude of the actusl alrfoil
blade loads as compared with the predicted two-dimensionsl air loads.

It may be of interest that some variations in pressure occurred
between rotor revolutions for these last three plots (average values
are shown); however, the distribution shapes are believed representative.
These veriations in themselves suggest a stalled type of flow.

Sample pressure distributions for r/R = 0.75 are shown in
figure 3; these distributions are for the same flight condition shown
in figures 1 and 2. For V¥ = 165° and 195° the distribution shows
good agreement witl, two-dimensional deta. As the azimth angle increases
from ¥ = 195° to 240°, the normal-force coefficients again increase to
velues sbove the two-dimensionel stall point, although the actual air-
foll retains the unstalled two-dimensional pressure distribution.

The pressure distridbution for r/R = 0.95 is shown in figure k.
The normel-force cocefficients are all below the statlic two-dimensional
stall polnt and therefore good pressure-distribution correlstion would
be expected. For V¥ = 45° and 75° the agreement between the flight and
two-dimensionel date is indeed reasonsble, but at ¥ = 90° and 120° the
correlation ia not so good. Thus, while a large part of the rotor does
behave in accordance with two-dimensional data, figures 2 to 4 show
that poor correlation can occur to a degree which would be expected to

have a major effect on periodic blade loads.
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Chordwise Pressure Distributions for Fiight

With High Blade-Tip Mach Numbers

R = SRR s

The next trim level flight condition ddscussed for flight at a

Y

high tip Mach number, for which the maxirmum blade-tip Mach number

N
»

was 0.76. The chordwise pressure distribution for the 0.95 blade

o,
wetiay

station is shown in figure 5. The normal-force coefficients are all

below the two-dimensional-sirfoil stall point and good correlation

<t
%o

would be expected. The centers of pressure, however, are all farther
forward than would be expected, even for high Mach number operation of
a two-dimensional airfoil. For V¥ = 30° there is reasonsble agreement
between the flight and two~dimensional distributions, although for

.| v = 75°, 90°, and 105° the flight data depart from the two-dimensional
data.

The 0.75-radius station shown in figure 6 is for the previously
described high tip Mach number flight. The flight-measured chordwise
pressure distributions, the centeras of pressure, and normal-force
coefticients are typical of unstelled two-dimensional data. She
! correlation shown is good.

4 The high tip Mach mumber test for the 0.55-blade~span station is

shown in figure 7. Again the normal-force coefficients, centers of

7
*é pressure, and the distribution are typical of two-dimensional dsta.

5 The correlation witn two-dimensional dats is again good.
a In swmary, figures 5, 6, and 7 for the high tip Mach number flight
% indlcate thst a large percentage of the actusl chordwise pressure distri-

vutions exe in agreement with two-limensional sirfoil data. Only a
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small {though important) percentage of the pressure distributions are
not in agreement. Since the disagreement in this case is primarily

in the high Mach number regions, it appears that with careful selection
of the flight test conditions, 1t will be possible to find cases that
varrant comparison with theories using the two-dimenslonal data to

study the adequacy of new angle-of-attack prediction theories.

Other Flight Conditions

A small portion of the chordwise pressure distributions for a
number of other trim lewel-~-flight conditions have been reviewed and
the results were similar to the results of the previous two flight
conditions discussed in detall in this paper; namely, that portions of
the actusl operating helicopter blade dc not behave in accordance with
two-dimengional airfoll data. Because there are these capes where
important differences do arise, an exact knowledge cf the rotor inflow
velocities is not necessarily sufficient to descrihe the exact rotor
blade loading. Caution should therefore be exercilsed in interpretiig
the correlation of flight measured and theoretical rotor~blade span~

wise loadings.

Messured Center-of-Presgure Movement
In an attempt to generalize the actusl alrfoil center-of-pressure
movement, a plot was made of the center of pressure as & function of
Ve wiewit asiuull sugile 1or saree cilrrerent flight conditions, and

this plot is shown in figwie 8. Note toe forward shift in center of

presgure on the advaacing side of the rotor for ell three flight
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conditions and the rearward center of pressure on the retreating side
of the rotor for the firet f1ight condition (flight with blade section
stall discuseed previously). The forwsrd shift in center of pressure
could not be explained by Mach number effects.

The £1ight-test blade was a modified NACA 0012 airfoil (ref. 1)
and hence had no camber. The lnterestlng possibility thus arises that
if a amall amount of cawber, which would tend to add & constant moment
coefficient with varying angle of attack below stell were added, the
variations 1n‘ dynsmic pressure wilth azimuth would then modify the
measured centers of pressure in such a way as to result in reduced
one-per-revolution aerodynamic control foreces. In other words, the
added source of moment variation wlth azimuth would be expected to have

& phase angle such as to offset partially the measured variations.

Discussion of Actual and Two-Dimensional-Airfoil
Pressure~Digtribution Differences

The reasons for the differences found between actuasl and two~
dimensional airfoll date are not completely understood. As is well
known, the flow conditions on a rotor are highly complex and many
potential contributing explanations have long been at hand should
such problems arise. Slnce the problem has now been verifled in
tangible form, an effort is being made to sort out some of these
poasibilities.

As one example, the fact thet a high rate of increase in angle
of attack can glve higher than stetlc Cx,.. velues is well known

{for cxemple, ref. 3), and this erPect has long been looked for in
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rotor measurenents. In some early investigatione this effect wag
appareatly negligivle, that is, stall was evidenced roughly where
expected. Apparently the other complexities of rotor inflow, and the
specific design details, prevented eny significant occurrence of higher
than static CNﬁax values. In several more recent investigstions,
including the present one, the opposite hes been true. Dynamically,
this effect would be expected to increase the actual smplitude of the
oscillating air loads as compared to the cealculated loads based on
two«dimensional data.

It should be noted thet the most drastic source for high rates
of change of angle of attack is likely to be the striking of the tip
vortex from the previous blade. Consequently, the high rates of change
and the Cy values in excess of statlic two-dimensional values may
occur 1in specific cases in basically mild flight conditions as well as
in the low rotor speed or Ligh forwaerd velocity conditiuns normally
associated with blade~section stalling.

Time-varying blade yaw angles, spanwise flow on the blade, and
nonuniform velocity gradlients in front of the airfoil sre other
possible factors that mey cause disagreement between actual and two~

dimensional airfoll characterlistics.
CONCLUDING REMARKS

It has been ghown thut the sctual helicopter rotor blade dces not
elways behave in accordance with two-dimensional airfoil dats. These

airfoil~characteristic differences asre expected to amplify bLoth the
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“v . JATfarences were briefly explored. The point is mede that when

&

% ~ ads are predicted fror refined inflow thecries sz compared with
. -« mo.tal loadings, cautlion should be exercised in interpreting

#

“ee ces in blade loading, since these may arise because of the

.1cability of two-dizensional data rather than inedequacles

-
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«  nflow theory. Thus, before Lomparisons of actual and predicted

% ais arc uged ic determine wvalld
- each experiumental case used must be reviewed fcor evidence. of |
cescnce or absence o1 discrepancies between the actusl section

- azic cuaracteristics as reflected by chordiwlse pressure distri-

ARt

. &t vhe section characteristics belrg assumed in the analysis.
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A DISCUSSION OF ROTOR BLADE HARMONIC
AIRLOADING

R. H. Miller
Department of Aeronautics and Astronautics

Massachusetis Institute of Technology

Introduction

The subject of this symposium covers one ot the most important and yet in many ways
one of the most neglected areas of V/STOL technology. Certainly in an engineering,
sense the subject cannot be said to have been neglected since the problems of helicopter
vibration and fatigue (both human and structural) must be reduced to manageable propor-
tions by the exercise of ingenuity und much time and expense during the engineeriny
development stages, and this has been the history of V/STOL development since the first.
practical helicopter flew in the 1930s.

However the basic research which could lead to a better understanding of the physical
phenomena of VTOL dynamics and hence to a more rational solution of the associated
problems has been neglected in the past and the result has been a containment of the
problems rather than their solution. There are many valid reasons for this lag in vesearch,
the most obvious being the extreme complexity of the system. However we now have both
experimental and analytical techniques available to us which could permit rapid investi=
gation of the aerodynomics and dynamics of V/STOL aircraft and which could lead to a
better understanding of the basic phenomena. It is axiomatic that without this understanding
control of these phenomena will never be possible except on a hit and miss basis.

The decision to hoid o symposium on this topic is therefore most welcome and timely. In
responding to the invitation to present a discussion at this meeting on work conducted at MIT
on rotor dynamics, a selection was made from the projects conducted during the past few years
and only those pertinent to the title of this paper and of current interest were selected. Re~
search by others in the same area will not be referred to in the interests of time and because
a fairly complete coverage has previously been included in Ref. 1.

Early investigation of Airloads by Meyer and Falabella

From 1947 to 1952 a series of wind tunnel tests were conducted on the aerodynamic loading
of rigid and flapping rotor blades. The initial studie: (Ref. 2) were confined to the measure~
ments of bending moments. One of the most interesting results was the demonstration of the
critical effects of blade resonance combined with the very low aerodynamic damping, clearly
evident from Fig, 1. Reasonable overall agreement hetween computed and measured bending
moments was obtained for both the flapping and rigid rotor but it was concluded that information
regarding the actual aerodynamic loading or induced fiow was neaded to establish the higher
harmonic loadings.
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Consequently a new program was started in which the blade airloads were measured
directly by means of a pressure transducer. Fig. 2, from Ref. 3 presents one of the results
of this investigation and shows the downwash distribution at the rotor disc deduced from
the measured airloods. These results are useful for verification of more recent theoretical
calculations of the downwash distribution and at the time provided experimental evidence
of the highly non uniform character of the rotor inflow which is tow recognized as being
one of the primary sources of the periodic excitation of helicopters.

It was during this program that the pronounced effect of flapping hinge offset on the
airload distribution of the rotor was noticed. This led to the conclusion that the effect
of a rigid roiar could be achieved without the need for providing a high degree of struc-
tural stiffness; that is a hinged rotor could be designed to carry large first harmonic bending
moments ot the hub by offsetting the flapping hinge appreciab(y from the center of rotation.
Of interest here is the pronounced influence of this first harmonic load variation on the in-
flow through the rotor, as shown in Fig. 3. A much more uniform downwash distribution

was obtained which would suggest that an equivalent rigid propeller carrying large first harmonic

moments in forward flight wouid be smoother than a flapping rotor, Structural and design
considerations determine the degree to which such moments could be tolerated in on actual
vehicle, This point is discussed further in Ref. 4.

Direct Measurement of Hub loading

The investigations described above clearly indicated that appreciable higher harmonic
excitations were occurring on the rotor. Simple rotor blade aerodynamic theories using
uniform downwash indicated that these loads would decrease rapidly with advance iatio.
However this clearly did not fit the observed facts. Consequently a program in which hub
loads were directly measured was initiated in order to explore this phenomenon more fully.
The program was conducted in two parts,  In the first the rotor was subjected to forced os~
cillations and the results substantiated the large reduction in damping predicted by Loewy
due to unsteady aerodynamic effects. In the second part the rotor was used as @ mechanica!
amplifier for the aercdynamic harmonic load by placing the biade in resonance with the
harmonic to be investigated cnd measuring the resultant hub shears, As a result of this
serios of tests it was obvious that a mechanism existed which produced high periodic airloads
on a rotor blade at integers of the rotar speed, that existing methods for predicting thase
loads were inadequate and that unsteady aerodynamic effects in the presente of these oscil~
latory airloods were of prime ‘mportance. (Refs. 11 and 12)

The experimental program was continued in order to investigate more harmonics, parti=
cularly the third which had not been covered in the earlier investigation and in order to
determine the effects of tandem rotor geometry on the vibration level. Because of the ob~
vious difficulty of changing geomeiry for such purposes in a flight test program results of this
nature are most conveniently obtained from wind tunnel tests. This program,conducted by
Duvivier, produced the results shown in Fig. 4, taken from Ref. 5 in which the pronocunced
effects of geometry on tandem rotor vibration are evident,

During this program techniques were developed for measuring blade cirioads directly by
means of single pressure pickups located at various spanwise stations along the rotor blade.
This permits the investigation of many intaresting phenomena with relatively small models
in the wind tunnel and forms the basis of a continuing program involving the direct measure~
ment of rotor blade airloads under various simulated flight conditions and airframe geometries.
Because of the difficulties of covering a wide variation of trim conditions and geometry on a

£0 oomls ohisle such tasting tashniness are of valye in sroviding o batiar undarstonding of
rotor asrodynamic loading. This work is sponsored by TRECOM, U.S. Army.
-2..
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Aeroelastic Investigations

Simuifoneouslz research was being conducted on the flutter characteristics of rofor
blades. Much of this work is not pertinent to this meeting, however two items are of
interest and wili be briefly discussed.

Stall fiutter of propellers, rotors and compressors has been a probiem for years because
of the high angle of attack at which these operate. On a rotor blade this pienomenon is
believed to be one of the causes for the very high pitching moments experienced at high
advance raiios. Investigations by Ham (Ref. 6) defined the parameters which govern this
phenomenon and provided a valuable criterion by which its presence can be detected. For
example Fig. 5 taken from Re’, 6 shows the great dependence of stall fluiter amplitude on
the amount of stalled area in the 1otor disc regardless of advance ratio,

Another aeroelastic phenomenon which is of importance in establishing the harmonic
loading of rotor blades is that arising from the deflections of the blade cut of *!:2 plane
of rotation and out of the plane of its twist axis. The effects of this shenomenon on
flutter are discussed in Ref. 7. lts potential significance for blade loading is discussed
in Refs, 1 and 8 and may be demonstrated by a simple illustration. In Fig. 6 a blade is
shown with its normal elastic defiection, Primary torsional flexibility for simplicity is
assumed to occur at the feathering hinge located near the blade root. As the blade twists
about the feathering hinge components of centrifugal force act to increase this twist. That
is, a rotor blade bent out of its plane of rotation is not in static equilibrium. Since the
centrifugal force is severa; times the gross weight of the ship, clearly powerful blade
twisting moments can be produced by this mechanism. In Ref. 7 it was shown that in cer-
tain cases these moments could be equivalent to those produced by a 6%0 shift in chord=~
wise CG of the rotor blades,

Since rotor blades must bend elastically in the presence of aerodynamic lift, the cen=
trifugal force component as well as the stead state drag will cause periodic twisting moments
due to the periodic changesin blade bending deflection caused by the higher harmonic air-
loads. In addition, periodic changes in indviced drag due to the Kigher harmonic content
of the downwash will combine with the steady state elastic deflection of the blade to produce
another source of periodic twisting moments. Twisting moments from these two sources will
cause harmonic changes in angle of attack and are therefore of considerable importance in
establishing the blade loads.

Theoretical Prediction of Blade Airloads

The tests discussed above clearly indicated the need for an analytical tool for computing
blade downwash velocities which would take into account the individual blade wake geometry
and also introduce the effects of unsteady aerodynamics. Attempts to obtain a closed form
solution to this problem, or one based on tabulated integrals, were not successful and it was
evident that extensive computer facilities would be required to explore this problem and,
hopefully, to provide a basis for obtaining simplified solutions suitable for engineering ap-
plications. In 1960 the availability of an IBM 709 computer at the MIT Computation Center
and funds from a Carnegie grant permitted initiation of such o program, This is a continuing
investigation under BuWeaps sponsorship. The results to date have been published in Ref. 1,

ﬁ and 9 and therefore only the intent of the research and the current status will be summarized
ere.
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It was decided that an attempt would be made to construct the progrom of research in
such a way as to lead primarily to an understanding of the basic phenomena involved and
to include insofar os possible a rigorous trearment of th= unsteady aerodynamics.ln order to
accomplish both these purposes the following approach was followed.

I The computer program was developed in such a way that the rotor inflows could
be obtained independently, if pessible, of blade motions.

2. The classical approach in which the trailing and shed wakes were treated inde-
pendently and the unsteady aerodynamic effects determined separately was followed.

3. The program could be modified to o lifting surface rather than a lifting {ine ap~
proach when necessary,

4, Since the program was to be used primarily for research, numerical precision of
the different integrations would be varied over wide limits and over the different ele-
ments of the program as required.

5. The classical assumptions of a rigid wake of propeiler vortex theory would not
be accepied.

It was hoped that this approach in addition to clarifying the physics of the probiem would
also lead to o much simplified computer program.

Computer solution times vary widely depending on the degree of accuracy desired. Fig.
7 shows a comparison of the correlation between theory and experiment as a function of the
number of station: used in establishing the trailing vortex pattern for o harmonic of general
interest. The large number of stations of Fig. 7a are required to define the tip loading ac-
curately but the smaller number of stations of Fig, 75 would probably be sufficiently accurcte
for most engineering purposes. The two station solution (Fig. 7c) is useful for demonstrating
many of the phenomena of rotor blade loading and is a valuable research tool. At me:ierate
speeds the bound circulation on the blade does not vary radically over the outer 5075 span,
regardless of twist, from the minimum energy condition of constant circulation and heince much
qualitative information may be quickly obtained by observing behavior of & hynothetical
“ideally” twisted blade, as was done in Ref. 1, having a tip vortex and ¢ roct vortex located
at a representative inboard station.

The degree of accuracy shown in Fig. 7a is by no means typical fu: all rotors and har-
monics. For certain conditions more accurate solutions are required using much closer ir-
tervals, a reiteration for non-rigid wake effects and a lifting surface theory rather than the
lifting line approximations. Such sclutions and the conditions under which they are used
will be discussed later, The idea! fluid potential flow model used in these soluticns has,
however, certain fundamental {imitationg and there is some question as to the degree of ¢i-
timate computation accuracy which would be meaningful in view of both these limitations,
and the difficulty of obtaining equally accurate test results or actual rotors under known con=
ditions. It is believed that, as in the case of fixed winas, th s theory is of most value as a
rese?rch tool in order to clarify physical phenomena ard i> «' ! In the interpretation of test
resuits.

The decision to separate the blade mciions from the computer soluticns for downwash
resulted from the previously discussed exverimerial evidence of the pronounced eftect of
blade elasticity o the airloads.  If it could be assumad that the blude responded to ans
aerodynamic input which, to first order, would not be modified by this response then tha
problem could be considerably simplified since the solution for blade airicad and for blad:

response to that airload could be separated. The basis for this hypothesis came from the
investigations reported in Ref. 1 From this study it was evident tha? interharmonic coupling
effects could to firsi order be neglected. That is, for example, the nth component of

downwash generated by an mth hormonic lifi variation was en crder of mognitude less than
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that generated by the nth harmonic lift variatien. Furthermore higher harmonic airloads
are an order of magnitude less than the steady state load ccting on the ship. Consequently
their contribution to the downwash distribution at the rotor disc will be :+o orders of mag-
nitude less than that contributed by the spiral woke generated by steady siate blade dift and
this downwash is readily computed for any gross weight and mean inflow.

Having established the nature of the downwash variation around the rotor disc the next
stap is to compute the airload variation corresponding to this downwash disiribution. Quasi-
static lifting line solutions give reasonable estimates of thase loads but introduce appreciable
errors both in magnitude and phase. 1t is therefore necessary to introduce the classical lift
deficiency funciions of unsteady aerodynamics. In Ref, T a closed form solution was cb~
tained for this lift deficiency function, C(kj = F + iG (to use standard nomenclature} for
hovering flight and for an infinite number of blades and ** was shown that F and G reduced
to the following simple expressions, independent of frequency,

F= e G=90
. Oon
T+

This result leads to the hypothesis that over all approximate values of the 1ift deficiency
function F and the corresponding phase shift G/F could also be obtained for the forward
ilight case. Consequently typical values were computed some of which ure shown in Fig.

8, A more marked variation with frequency was apparent than for the hovering flight
case;also the lift deficiency function gredually increases with p and eventually approaches
the two dimensionai classical value. Similarly G increases from a value very close to zero
ord again appreuches the two dimensional value away from the blade tip. G, which deter=
mines the phase shift cannot be predicted by using lifting line theory because of the singularities
involved as the shed wake approaches the trailing edge of the surface, and lifting surface
theor; must ‘rherefore be used in cbtaining thase results. An approximate means of de-
termining this while still retaining the convenience of lifting line theory in the computer
solutions was sugyjusted in Ref, 8 in which an equivalent upper limit for the shed wake in-
tegrations was astublished.  Lift deficiericy functions obtained by these means are highly
accurate in compurison with the formal approach using lifting surface theory given in Ref.

1.

Computation ol the rotor blade airload thus proceeds in the foll- wing steps:

3. Compute the downwash distribution at the rotor disc due to a
trailing vortex system of constant unit strength originating from as
muny spanwise steiions as desired along the blade, The use of unit
vertex strength permi®s tabulating this downwash distribution for
various values of maan inflow A, advance ratio,p, and the number
of blodes. This tabuiation is currently being started.

2. The actual downwash is then computed from the kriown blade
geometry and aircraft trim by inversion of the matrix obtained from
Eq. 17 of Raf. 8 in the marner described in that reference,

3. Knowing this downwash distribution quasi static airloads may be
obtained from Eq. 14 of Ref, 8 and the actual airfoads obminc&yby
svifably modifying the quasi static airloads by the appropriate F and
G functions. similar to those aiven in Fig. 4.

o
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Steps 2 ~nd 3 are trivial solutions for the computer, the bulk of time being required for
the integration of step 1, hence the afte.i. .o tabulate these results,

the limitations of the lifting line theory ‘#ill now be discussed using for illustration
the sirple two dimensional case. Fig. 9 i a sketch of an airfoil in two dimensions in
the pressice of an element of vorticity "% ot a distance § from the airfoil. The

normal velocity w induc. s af this airfoil af a chordwise station x due to ¥ d% is

When § >> b, i.e., when the element of vorticity is relatively far from the blade
then >7 x and w is substantially constant with x. A mean value of w may then be
used and this is the basis for the weli known lifting line theory. When £ is not large
compared to b lifting surface theory must be used. This requires that w be expressed
as a Fourier  ‘es in terms of the blade chord. The first two components of the series
and their tit  sariation. define the blade lift. These steps have been described in de~
tail in Ref, |. Evidently computer time for such a solution would be several times more
than that required for the iifting line solution, depending on the number of chordwise
starions required to define w(x) adequately. Fortunately there are only a few instances
where such or approach would be required and, as is evident from the above discussion,
the multiple chord staticn computations need be performed only over a short segment of
the wake in the vicinity of the airfoil, using equctians 4 ond 5 of Ref. 1. Two cases
requiring this more rigorous lifting surface theory will now be givon as illustration.

The first is in the computation of the lift deficiency function C(k) = F + iG referred
to above. As the shed wake approaches the airfoil or € —» b, o singularity at the trailing
edge of the airfoil develops which can not be ignored if G, which determines the phase
shift, is fo be correctly evaluated. This requires the use of lifting surface theo.y. For
reasons discussed in some detail in Ref. 8, F can be closely approximated for the fow re=~
duced frequencies of interest in rotor dynaniics by ignoring this singuiarity and using mean
values of W(x) as in lifting line theory. However G is always critically dependent on the
chordwise variation of w(x). This was the raason for introducing the concept of a "near"
and a "far" wake in Ref. 1 and using lifting surface theory in the near wake. In hovering
flight, u =0, the near and far wokes contribute cbout equally to the final value of G but
as p increases the effect of the far wake gradually diminishes unti! at a p of about . 3 only

the effect of the near wake on G is significant. Again this follows from the above discus-
ston.

In Fig. 10 the build up of the Iift deficiency funcfion is shown for a typical case, Sub-
script 1 refers to the lift deficiency function generated by the near shed wake where the
near wake is defined as being that portian extending from the rotor blade uft over the First

quarter azimuth. This
dimensional ciassical v

portion of the lift deficiency function generally is close to the two
alue. Subscript 2 refers to the lift deficiency function obtained from

both the near and far shed wakes.

from both the far shed and near
dent that as the advance ratio i

Subscript 3 refersio the lift deficienct function as cbtained
shed wakes and the ccaplete trailing wake system, It is evi-
ncreases the near shed wake dominotes. At the biade tip,

however and for loadin
value of G becomes ap

effect.at least for blade loading computations,

gs concentrated over a short segment of the span, the three c.iimensional
preciobly smaller t-an the two dimensional value. Frequently its
will not e of great significance and lifting

line sclutions may therefore previde good approximations to this loading.

Another case of interest in which lifting surface theory must be used is found when the
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duced into the computations at low advance ratios as discussed in Ref. 10. It may also
occur at any advance ratio in the case of a rotor with a large number of blades operating
at low thrust coefficients and hence having low mean inflow velocities. The iniense tip
vortex, characteristic of rotors, generated by any one blade will come close to the fol-
lowing blade and lifting line theory then predicts erratic and unreliable ift variations.

An interesting conclusion drawn from an examination of the time history of airloads
both experimenta! and analytical is the very pronounced higher harmonic content of this
load close to the 90° azimuth value. Figure 16 of Ref. 1 showed the very rapid change in
downwash occurring near this point as the blade passes over the leading edge of the vortex
spiral and the resulting lift is olmost in the nature of an impulse. It was found that even
nine harmonics were insufficient to describe this rapid change of lift and good agreement
with test was only ob*ained in this regime when the computer solution as obtained prior to
harmonic analysis was used. The signi®icance of this result lies in the fact ihat a vibratory
input from the rotor of frequency equal to the number of blodes times the rotor speed will i
always occur regardless of the number of blaces used. Since this type of vibratory iaput
arising from an impulse is particularly unpleasant any rotor modification which reduces
the impulsive nature of the lift would be desirable.

1t may weil be asked at this point what modifications are indicated which would
improve the vibration characteristics of the rotor. Certainly twist appears to have a pro-
found effect on the airload distribution with +he non-twisted blade having a higher downwash
at the tip than the twisted blade. This would tend to move the wake further away from the
rotor as each subsequent blade passes over it. Another factor is the effect of blade modifi-
cations on the higher harmenic spanwise load distribution. The response of a rotor blade to
a given input depends on the generalized force and, if the spanwise airload distribution is
known, this response con be modified by suitably varying the spanwise mass distribution.
The value of a Eetter understanding of rotor aerodynamics in forward flight will become
more evident once a working theory has been developed and extensively used.

Summary

It has been shown how experimental investigations over a period of years have led !
to the development of analytical tools for the determination oi “otor blade dynamic loading |
and how these tests have helped in defining objectives for the analytical solutions. This
work represents a small part of a larger effort over a period of years by many organizations.
However this total effort is still small compared to the mognitude of the problem ard it is
hoped that the discussions in this paper and the results reported by other investigators will
stimulate greater effori in this important area.

In particular, refinements in the theory are needed to permit rigorous treatment of
special cases. The effects of blade twist on the harmonic load need clarification. Simpli-
fied engineering solutions must be developed, possibly the effect of a viscous vortex core
introduced and the effects of rotor/rotor interference determined anclytically. Stall flutter
and other potential instabilities at high advance ratios due to the elastic deflection of the
blade out of me plane o rotation must be furrher investigated preparatory to the proposed
increases in helicopter speeds during the next decade.

Such problems are among the most irteresting and challenging ones yet presented
to the aeroelastician. Progress to date indicates that rational solutions to these problems
will eventualiy be found and in & time frame depending only on the level of effort expended.
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FIG. 2 INFLOW VARIATION OVER ROTOR DISC AS DETERMINED
EXPERIMENTALLY. CONVENTIONAL ROTOR WITHOUT
FLAPPING HINGE OFFSET; p =0.30
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FIG. 3 INFLOW VARIATION OVER ROTOR DISC AS DETERMINED
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AN EXPERIMENTAL INVESTIGATION
OF THS EFFECT OF A NON-RIGID WAKE

ON ROTOR BLADE AIRLOADS
IN TRANSITION FLIGHT
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An Experimental Investigation of the Effect of ¢ Nen=Rigid

Wake on Rotor Blade Airlouds in Transition F!ighf*

Norman D. Ham

Department of Aeronautics and Astronautics
Massachusetts Institute of Technology

1. Introduction

Recent theoretical work at M. 1. T. on rotor blade harmonic air loading, Refs. 1 and 2,
has indicated the possibility cf a portion of a blade tip vortex being drawn up into the
leading edge of the rotor disc under certain flight conditions with consequent major effects
on the blade local air loading. it is believed that these effects contribute significanily o
the vibration level of the rotor during the associated flight conditions. However no experi-
mental confirmation of the existence of the phenomenon has been available.

is the purpose of the present paper to first discuss the theoretical results indicating
the possible existence of this phenomenon, then indicate how these results can be utilized
in establishing those test conditions that will permit observation of the phenomenon, and
finally to present the experimental evidence to date of the occurrence of the phenomenon
in terms ofblade measured air loading.

2. Theoreticai Background

Figures 1 and 2 illustrate the path of the blade tip vortices for two selected advance
ratios corresponding to the so~called transition regime of a typical helicopter. Note the
several intersections of the forward blade by the tip vortices of all three blades. In most
flight conditions the rotor downwash is sufficiently large to carry these tip vortices well
below the rotor disc. However under certain transition corditions a pronounced upwash
occurs at the leading edge of the disc which may carry the intersecting tip vortices up through
the disc and back down again farther downstream as suggested in Ref. 3. A typical example
is shown in Figure 3.

At any point (x,y) on the trajectory of that segment of the tip vortex at ) = 180°,
dy _ Vsini+wv(x)
3§ - cos |

Then assuming that near the disc v{x) does not vary significantly with y,

*This research supported in part by the Headquarters, U.S. Army Transportation Research Command
and by the Bureau of Weapons, U. S. Navy. Reproduction, transiation, publication, use and
disposal in whole or in part by or for the U. S. Government is permitted. Computer time was
made available by the MIT Computation Center.
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X
y=f§£-dx
0

X
= V%S?i— f [V sin i + v(x):l dx
0

=-&- fx A (x) dx
0

and the condition for vortex intersection of the disc is given by the integral equation

f' M) dx=0
0

where x. is the value of the x-coordinate of the trajectery whan intersection occurs,
measured along the disc fore—and-oft axis from the leading edge. The trajectory is readily
obtainedographimlly as shown in Fig. 3. Therefore theoretical plots of rotor downwash at
s = 1807 can bs used to predict possinle intersections of the rotor disc by a tip vortex at
Y= 180°, Note that disc incidence . is of prime significance in determining the inter-
section point.

Downwash distributions for advance ratios of . 05 and . 10, for a three biaded rotor with
twisted blades are shown in Figures 4 and 5. These distributions wera calculated using the
theory of Refs. 1 and 2.

Two types of rotor wake geometry were considered in the inflow analysis. The first type, (1),
that of the so-calied "nonrrigid" wake, is based on the assumption that the tip vortex moves
with the local resultant velocity it experiences at the instant of shedding. The second type,(2), also
that of the "non-rigid" wake is %osed on the assumption that the tip vortex moves with the mean
local resuitant velocity it axperiencesoveran interval. Inflows resulting from both assumptions
are shown in the figures. Note the effect of o non-rigid wake on the distributions. Under the
given conditions the non=rigid wake geometry leads to a large predicted upwash near the lead-
ing edge of the rotor disc.

Applic%ﬂon of the above inflow distributions to calculation of the trajectories of tip vortices
at P = 180" indicates that vortex intersections should occur near the 80°}o radius of the blade,
as shown in Figures 6 and 7.

3. Experimental Technique

The experimental equipment used in the present study was that described in Refs. 4 and 5,
modified in the present case to permit remote coritrol of the angle of shaft tilt while the rotor
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was operating., A genercl view is shown in Fig. 8. Available hiades had pressure trans-
ducers mounted at 49%0, 83%0, and 93%0 of biade radius. The experimental technique
involved the recording of a timing signol and the pressure signal from the pressure trans+
ducer at the 83%0 staticn on an Offner pen recorder for a tes! condition having parameters
corresponding to those for o theoretically predicted upwash at the leading edge of the disc,
while varying shaft angle in the range indicated by the thecry of Section 2 to tead to
vortex intersections of the forward blade near the 83%0 pressure station. When the pres-
sure trace showed peaks indicating the occurrence of the predicted intersection of the tip
vortex with the blade near the 83%0 radius point (see Fig, 8), a complete record was
taken on a Heiland oscillogroph. This record showed the signals from all three pressure
transducers as well as ¢ timing signal, and a blade flapping signal. Typical Offner
pressure record,, are shown in Figs, 9 and 10.

4, Results and Discussion

AR e, 4 R T TSR O R

The experimental resuits of Figure 9 indicate the occurrence of a large local pressure

l fluctuation ot the 83%0 blade pressure station for rotors having three twisted or untwisted
blades in simulated transition flight at p=,05. The pressure peck sccurs af an azimuth
position of approximately 770°, Since the upwash conditions theoretically predicted for
the given flight condition und :wisted blades indicated a tip vortex intersection with the

l rofor disc in the neighborhood of (/= 180, it is concluded that the observed pressure
fluctuation is due to the tip vortex shed by the second preceding blade passing near the
83%b0 pressure station of the instrumented blade. Note that the effect has cpproximately

' the same intensily for both twisted and untwisted blades, though the shaft angles differ
for the two cases.

The results presented in Figure 10 for p = . 10 are less clear, but are believed to show
the effects of the presence of a tip vortex near the 8370 pressure station. It is suspected
that in this case the tip vortex from the immediately preceding blade passes close to the
83%0 pressure station over a much larger portion of the disc than in the u = .05 case.
Hence the effect appecrs as a small dip of (= 130° opproximafeiz and as a general in=~

. . . — (e} Q . .
crease in pressure loading in the ¢ =150° to 220° region. Again t

he TN g

e results are cpproxi=
mately the same for both the twisted and untwisted blade.

v

¢ The following explanation is advanced for the distributed nature of the effect. Exami- !
nation of the calculated downwash field for the rotor with twisted blades in the y=.10 |
; flight condition revealed the presence of an upwash occurring at the { = 127.5 azimuth i
3 position, as shown in Figure 11, It is suspected that a region of upwash exists between i
; this azimuth position and that at = 180° and between blade stations at 80%0 and 95%0 |
H radius, Unfortunate ly the chosen computation points for the theoretical downwash fieid

: caleuiation did not include this region. However, existing information permits the con=

z struction of Figure 12, The two plotted points represent possible disc intersections by the

g tip vortex shed from the immediately preceding blade. It is assumed, but not shown, that

? a locus ¢’ intersections exists between these two points. The solid curve represents the

B instantaneous position of the tip vortex shed by the preceding blade when the instrumented

& blade is at the corresponding azimuth position. Finally the path of the 83%0 blade pressure

% station is shown by the dash-dotted curve. It is seen that the tip vortex is close to, and

v ot

ahead of, the insirumented pressure station in the ragion = 130° to 150°, and close to,
and behind, the pressure station in the region {= 150 to 180°. The observed harmonic
pressure fluctuations in the same azimuth regions and at the given pressure station are of a
form consistenr with the above hypothesis, i.e., first a down loading due to the downwash
of an arriving vortex and then an up loading due to the upwash of a departing vortex. The

...3...
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above discussion is speculative only and awaits quantitative comparison between theoreti~
cal and experimentai harmonic airfoading for the givan flight conditions. 1t is hoped fo
obtain such comparisons in the near future,

5. Conclusions

The existence of rotor blade impulsive airloading due to the impingement of tip vor-
tices from preceding blades is now believed to be confirmed. The practical significance
of the effect includes the increase of rotor operating vibration levels, particularly if the
lmoulse Is applied to the anti=node of a biode bending moae. Fiight conditions where
the effect is experienced by helicopters include transition flight, and hovering in ambient
winds, for exampla while performing plane guard or senar dipping duties,

Fossible means of eliminating such impulsive loading Include rapid acceleration through
transition, since large disc incidences and rotor inflows prevent the occurrence of the up-
wash fleld at the leading edge of the disc. Another approach is distribution of the tip vortex
strangth by appropriate tip geometry or by tip blowing, as suggested in Ref. 3.

Finally, the tip vortex interference offects demonstrated by the model rotor of the
present paper are llkely to influence the airloads currently being measured on full scale
rotors in corresponding flight conditions and should be considared when evaluating such
airload measurements.
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Mode | Roter Characteristics

Blade Radius R = 4ft

Number of Blades 3

Blade Chord 5in.

Alrfo! Section NACA 0072

Solidity 0.1
Symbols

Standard NASA nomenclature s used throughout excepi for:
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DISTANCE FROM L.E. DISK x/R

Fig. Il INFLOW DISTRIBUTION AT v =i27.8°
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