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ABSTRACT

An analytical study was conducted to determine if available unsteady
normal force and moment aerodynamic test data could be used in c¢cmjunction
with existing helicopter rotor aeroelastic and variable inflow analyses to
provide a method for predicting the stall flutter response of a helicopter
rotor blade. For this purpose, incompressible unsteady aerodynamic data
for an NACA 0012 airfoil executing pure sinusoidal pitching motions were
employed, To apply such data under rotor blade operating conditions where
multiharmonic motions and velocity variations exist, the data were expressed
as functions of instantaneous section angle of attack, angular velocity,
and angular acceleration. In addition, scaling procedures were developed
in an attempt to account for the effects of compressibility. e

Limited application of the resulting analysis to define the aercelastic
characteristics of several blade designs showed that significant self-
excited torsional oscillations of the stall flutter type could, in fact,
be predicted for certain combinations of flight conditions and blade
designs. Correlationstudies, toevaluate the ability of the analysis to predict
control loads, were performed with CH-53A maneuvering flight test data and
with level flight test data from the NH-3A (S-61F).' Although the analyses
produced s:1f-excited stall flutter oscillations, the \legree of correla-
tion indicates the need for further development. In level flight, the
.oscillations occurred only at rotor thrusts in excess of those observed
in flight tests. Oscillations were predicted during certain maneuvers
with good agreement with the persistence of stall flutter and the azimuthal
onget of the oscillation. Aicthough essential to the prediction of stall
flutter, unsteady aerodynamics are shown to result in a degradation of
blade bending stress prediction, which appears to be a significant factor
affecting control load correlation.

It is recommended that studies be undertaken to investigate the
validity of a basic assumption of this analysis; namely, that unsteady aero-
dynamic cheracteristics of an airfoil subjected to a nonsinusoidal angle
of attack variation into stall can be synthesized from unsteady data
obtained for sinusoidal motions. In addition, attempts should be made to
improve the accuracy of the analytical method described in this report
through possible semiempirical modifications to the unsteady data and
scaling techniques as well as possible relinements to rotor trimming
and inflow modeling procedures.
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ITHTRODUCTION

The subject investigation was conducted jointly by Sikorsky Aircraft
and United Aircraft Research Laboratories under U, S. Army Aviation Materiel
Laboratories Contract DAAJO2-68-C-0048. The objective wvas to determine
vhether existing unsteady aerodynamic test data and rotor seroelastic
analyses can accurately predict stail-flutter-induced control loads.

The maximum speed of helicopterz is currently iimited by the
occurrence of stsll on the retreating blades of the rotor. Such stall
manifests itself in a performance degradation and, more importantly, in an
increage in the vibratory loads generated by the rotor. In particular, the
buildup in control system loads as steady-state stall angles are exceeded
on the rotor appears to be critical and is believed to be directly associ-
ated vith the occurrence of stall flutter of the blades {see, for exsmpie,
References 1 through 4). Stall flutter is defined as a self-excited,
single-degree-of-freedom tersioual oscillation of an elastic blade which
can occur vhen the blade is operated at angles above stall. Such oscille-
tions impose large moments on the rotor control system and are often the
determining factor in limiting the maximm speed of a helicopter.

It is nov w21l establizhed that ciassical rotor theories are incap-
able of predicting overall rotor performance characteristics in stall
{References 5 through 9), let alone the details of rotor loeding required
for the accurate definiticno of critical vibratory lcads. Such theories
generally assume that two-dimensional, steady-state airfoil data are
applicable and, further, that the inflow velocities induced at the rotor .
blades by the vortex system (or wake) of the rotor are constant with respect
to both time and space. In an attempt to provide a more suitable analysis
for predicting self-excited control system loads, available two-dimensional
unsteady airfoil data have been integrated into an existing aeroelastic
variable inflow analysis for rotors. This modified analysis will hereafter
be referred to as the Modified UAC Rctor Analysis. The unsteady data
originally considered for this purpose were those presented in References 10
and 11 for airfoils executing pure sinusoidal pitching motion (i.e., motion
having but one harmonic or frequency ccmponent). However, as discussed in
this rerort, only the data for Reference 10 were ultimately used to obtain
the results presented. Since rotor blades do not execute pure sinusoidal
motion as they penetrate the stall regime, a unique feature of this investi-
gation was the conversion of the available sinusoidal results to a more
general form in which the local section normal force and moment are ex-
pressed in terms of instantaneous section angle of attack, angular velocity,
angular acceleration, and Mach number. A conversion of this type, or its
equivalent, is required before section fcrces and moments associated with
typical rotor blade angle of attack variations can be ccmputq.d in &
raticnal manner.

The portion of the study conducted by the Research Laboratories had
&8 its prinecipal objectives: (1) the generalization of the available
sinusoidal unsteady data to tie form described above, (2) the integration
of the generalized data into the existing rotor analysis, and (3) the

i




applicaticn of the resulting analysis to investigate the effect of certain
blede design and operating conditions on blade stall flutter character-
istics. In addition, since there was some evidence that sustained stall
flutter could be encountered in certain aircraft maneuvers, & final objec-
tive of the Research Laboratories efforts involved the modification of the
existing rotor analysis to include the effect of prescribed fuselage motions
on blade aerodynamic and dynamic forces.

Sikorsky Aircraft conducted a correlation study which hed as its
objective the determination of the accuracy of the analyses developed.
The correlation study included comparison of analysis with NH-3A (S-61F)
level flight and CH-53A maneuvering flight test data. CH-53A correlation
used a constant inflow model, waile both constant and variable inflow are
used in the NH-3A analysis. In an attempt to account for rotor-wing
interference, a semiempiricsl modification to the Rli-3A inflow model was
included. Further studies of the mechanism of stall flutter were initiated
because of instability in regions of the rotor disc where the blades
appear to be frae from stall.




METHOD OF ANALYSIS

The results presented in this report were cbtained using the Modified
UAC Rotor Analysis. This section of the report describes the technical
Teatures of the analysis, indicates the nature of the modifications made
as part of the present investigation, and summarizes the assumptions made.

MODIFIED UAC ROTOR ANALYSIS

A simplified block diagram of the Modified UAC Rotor Analysis is shown
-in Figure 1. As indicated, there cre two principal parts to the overzll
analysis. The first is the Blade Response Program, where the motlions of
the rotor blade are computed for z given combination of blade control
angies, fuselage motions, and distribution of induced velocity over the
rotor disc. The second part, namely, the Circulation Program, is used to
compute the velocities (rotor inflow) induced at the rotor by its vortex
system (rotor wake). Because of the complexity of the rotor aerocelastic
problem, it is necessary to perform an iteration, using the programs as
shown, to insure that the input and output quantities of each are reasonably
self-consistent. The principal modifications to the basic analysis
incorporated as part of this study (indicated in Figure 1 by the dashed
arrows ) include (1) use of unsteady, two-dimensional normal force and
pitching moment aerodynamic coefficients in certain blade section opera-
ting regimes and (2) modification of the blade equations of motion to
include aerodynamic and dynamic forces associated with prescribved time
histories of fuselage motion and blade control angles. A more detailed
description of the two individual programs is pr.sented below.

Blade Response Program

This program detzrmines the fully coupled response of a flexible
rotating blade, given the distribution of induced velocities over the disc,
the blade control angles, and the fuselage motions. The blade deflection
is expanded in terms of its uncoupled natural vibratory modes (normal
modes); The normal mode technique is widely used to solve aerocelastic
problems (see, for example, ReTerence 12, p. 125) and facilitates the
numerical integration of the blade equations of motion through eliminsation
of dynamic coupling terms. In this investigation, the blade recporse is
assumed Jo be composed of a rigid-body flapping mode, three elastic fTiatwize
modes, a rigid-body lagging mode, two elastic edgewise modes, and two
elastic torsional modes. The basic differential equations of motion
governing the response of each of the blade modes are given in Reference 13
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for roter blades having chordwise mass unbalance and operating in steady,
level flight. The dynamic and acrodynamic terms associated with accelerated
f:4eht of the aircraft are given in Reference 1l for mass balanced blades.
For this investigation, these terms vere added directly to the equations of
motion of Reference 13. (This, in effect, assumes that terms involving
cross products of the nondimensional fuselage accelerations and the chord-
wise distance between the center of gravity and elastic axes are of second
order and can be neglected.) For convenience, the specific modificatiomns
tc the important equations of Reference 13 are given in Appendix I.

The aerodynamic model used in the analyses of References 13 and 1k was
based on the use of steady-state, two-dimensional airfoil data. In
accardance with quasi-steady theory (Reference 12, p. 279), (1) the local
section angle of attack was defined by the velocity components at its
three-quarer ~hord point and (2) the theoretic~l damping moment ir pitch
vag included. In defining the local angle of attack, the inflow at the
rotor induced by the vortex systes represening the rotor vake was included
using an analysis similar to that of Reference 15. Before this basic type
of analysis could be applied to the stall flutter problem, it was necessary
to incorporate a better representation of the effects of the shed wake
varticity (veke vorticity arising from timevise variation of blade bound
vorticity) at all angles of attack, particularly those above steady-¢tate
stall. To accomplish this, an attempt vas made to replace, vhere possible,
steady-state airfoil data by unsteady data. The latter were derived from
available data for & two-dimensional airfoil executing forced, pure
sinusoidal pitching motion and operating at a constant air velocity (here-
after referred to as sinusoidal data). Under such conditions, the reduced
frequency parameter k =cw/2U 1is constant with time. Corversely, typical
rotor blade section operating conditions involve variations in k due to
changes in both the velocit; of the section U and the effective frequency
of the motion w that occur as the blade rotates. A rigorous method for
applying sinusoidal data, particularly above stail, has not been
established. In this investigation. it has been hypothesized that the
sinusoidal data could be generalized, through cross plots, to functions cf
section instantanecus angle of attack, angular veloecity, sngular
acceleration, and Mach number. Given the local values of these parameters
for cach section, the unsteady 1ift and moment of each section can be

computed.

As originally envisioned, unsteady normal force and momert data from
References 10 and 11 for the NACA 0012 airfoil were to be generalized to
functions of the parameters noted above, with the Mach number range covered
extending up to 0.6. However, it was found that the test matrix employed
in Reference 1l was not sufficiently complete t)> permit conversion of the
data by the process described in Appendix II. 'therefore, an attempt was
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made to scale the incampressible data »f Refereace 10 to approximate
compressibility effects. The scslirg relations that wvere ewpioyed
basically aszume that the retio of actual angle of attack to ztesdy-state
stall angle is the critical perameter that must be duplicated. This is
discussed in more detail ir a later s2cifon. Provision vas made in the
program for investigating the sensitivity of the results to certain of the
parameters introduced by the scaling procedures, in particular the Mach
number range over which the incompressible urnsteady data are scale?. The
results of the sensitivity studies are also discussed in a Jiater section.
Conventional, steady-state 1lifi and moment data for the NACA 0012 airfoil
section ve v used for those combinations of angle of attack =nd Mach number
for vhich either unsteady data vere not avallable or the scaling procedures
vere suspect. Thus, for example, steady-state data were used for reverse
£1low operating conditions because appiicable unsteady data were not
available. Also, because of the «ffect of Mach number on airroil stall
characteristics, use of scaled, incompressible unsteady data at coaditioms
involving Mach mumbers above 0.5 and angles of attack above steady-state
stall was rot considered valid. Finally, steady-state drag data vere used
throughout the program. Further Jjiscussion of the treatment of the unsteadr
data 18 given in the section of the report entitled UNSTEADY AIRFOIL DATA.

The modified modal equations are nonlinear and are solved using a
numericel integration technigue to permit realistic ccupling between the
eirloads and the blade response. The procedure thus has the capability of
analyzing transient as well as forced-response motions. The calcuiation
generally proceeds by alternately computing the modal accelerations (frcm
the generalized forces exciting each mode) at a given blade azimuth angle
¥ and numerically integrating these accelerations over a small azimuth
increment Ay to determine the modal displacements and velocities at the
next blade azinuth (¢ +Ay ). To avoid possible mathematical convergence
problems with such a procedure, it is necessary that (1) Ay be small and
{2) the accelerations of a given mode not be expressed in terms of the
acceleratior of any other mode. These requirements present no difficulty
with a normal mode type of analysis when the rotor is in steady flight ard
whe: conventional, steady aerodyneiiic characteristics are use. to define
blade airloads. When accelerated flight is considered in conjunction with
the particular unsteady ,herodynamic formulation of section normal force and
moment discussed previously, the generalized force exciting each mode
becomes a function of the various modal accelerations as well as a function
of the fuselage ac:elerations. In deterrining the results presented, it
was assumed that (1) the fuselage accelerations were prescribed in advance
(e.g., from flight test results) and, initially, (2) the blade section
angular acceleration parameter B used in part to define the unsteady aero-
dynamic coefficients could ve determined from numerical differentiation of




the previously generated local angle of attack time history. The former
assumption is believed to be justified because of thz relatively low
frequency of the fuselage compared to that of the blades. The latter
assumption implies that the cazlculated value of B will lag the true value.
The results of initial calculetions indicated that significant veiues of B
vere generated only vher a high-frejuency, stall flutter type of torsional
oscillation occurred. This suggested the possibility of approximating B8
by the expression

s (&TF - T (R 3+ ) = Gk

vhere the second portion of this expression is the component representation -
of total section angular acceleration. This apprecach, which permitted the
azimuthal lag in B to be reduced to the order Ay (approximately 3 deg),

vas used in obtaining the resaits presented herein. (Further details on

the concept of the angular acceleration parameter will be presented in the
next section of this report.)

Pertinent output from the Blade Response Program for this study
consisted primarily of integrated rotor loads (thrust, pulsive force,
etc.), time histories of section operating conditions (@ ,A,B ), section
aerodynamic coefficients (Chc'“cn ,Cg ), blade elastic response, and
pitching moment at the blade root (i.e., pitching moment imposed on the
control system’.

Circulation Program

The function of this program is to compute the circulation distribution
over the rotor, given the distributions of section angle of attack a ,
angular velocity parasmeter A , and angular acceleration parameter B over the
blade, as vwell as a specified geomet.y +f the rotor wake. For this study,
the wake was gpproximated by the classical skewed helicoid defined when the
vortex elements generated .. the blade are convected downstream relative to
the blade at a resultant ve.ocity equal to the vector sum of the blade
rotational velocity, rotor forward velocity, and average momentum velocity
through the disc. Once the circulation distribution is known, the inflow
velocities induced at the blade by the btound and wake vorticity of the
rotor can be computed. An iteration between the Circulation and Blade
Response Programs is then used to assure compatibility of the inflow
velocities and the blade aerodynamic and dynamic boundary ccnditions (see,
for example, Figure 1).




The technical approach used in the Circulatior Program is basically
similar to tnat described in Reference 15 and generally represents a
rotary-wing equivalent of the classical lifting-line arproach used success-
fully for fixed vwings. There are, however, some differences between the
UAC Circulation Program and that described in Reference 15. These are
discussed belov.

The first of these differences iz the elimination of all shed vorticity
elements (elements arising fram variations of blade bound vorticity with
time) ir the vake model, a modification that contributed substantially to
reducing computing time without significantly altering computed circulatiocis
and associated inflow velocities. Thias, the orly vortex elements retained
in the vake arc tralling elements; i.e., those arising from spanwise
variations in bound circulation. As in Reference 15, the strengtn of the
trailing elements is permitted to vary from point to point in the vake to
reflect the variation in bound circulation that occurs as the tlade rotates.
It is believed that a more accurate representation of shed vorticity effects
is obtained by the previously mentioned use of unsteady airfoil data in the
Blaje Response Program. The use of two-dimensional, unsteady dats basically
implies that the primary effects of the shed vorticity in a helical rotor
vake are due to the wake region pear the blade and thus can be approximated
by those in a fixed-wing type of wake, as indicated in Figure 2. Miller,
in Reference 16, shows that this approximstion is reasonakle st rotor
advance ratios u of interest tc this study. This type of approach greatly
facilitates the inclusion of noniinear, unsteady aerodynamic effects due
to stall.

Another significant difference between the UAC Circulation Progrem and
that of Reference 15 lies in the treatment of unsteady effects on lift
curve slope 0, angle for zero lift @5 , and stall angle Qmge, - In
Reference 15, steady-state values were used for these quantities. In the
present study, 0, @g_, and @p,,,, Were considered to be functions of the
section angular velocity and angular acceleration parameters as well as
Mach number. As in Reference 15, the local bound circulation is assumed to
be proportioral to section angle of attack (measured from the zero lift
angle) until Qmgx,y 1S reached, fcllowing which no further increase in
circulation is permitted. To determirie the fur~tional relationships
involved, the normal force data of Reference 10 (also presented in Table I)
were plotted and approximated as in Figure 3. The results cre shown in
Figure 4 for incompressible flow, and the effect of Mach number on these
results ves approximated by using the following equations:
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These equations state that (1) the angle for zero lift is independent of
Mach ntwber, (2) the variation of unsteady lift curve slope in potential
flow with Mach number 17llows the Prandtl-Glauert relatior, and (3) the
unsteady stall angle of attack &t any Mach numde: can be determined from
the sssumption that the variation in maximum unsteady 1ift ccefficient with
Mach number follows the same variation as the maximm steady-state lift
coefficient.

Finally, provision has been made in the UAC Circulation Program to
eliminate unrealistically large induced velocities which would otherwise
be computed if the 1ifting line representing the blade section was very
near a vortex element. This was formally accampliished by setting such
velocities to zero whenever the distance between any blade section and
vortex element was less than a prescribed distance assumed to be equal to
the vortex core radius. This distance was selected as 0.02R, a value
believed to be representative.

It iz recognized that factors such as self-induced rotor wake distor-

tions (Reference 1T) and finite blade chord effects have been neglected.
Their inclusion, however, was beyond the scope of this investigation.

SUMMARY OF ASSUMPTIONS

Since major portions of the Modified UAC Rotor Analysis used in the
performance of this study are documented elsewhere in the literature
(References 13 through 15), the principal assumptions discussed herein and
in those references are summarized below for the convenience of the reader.
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10.

11.

Tte aircraft is in steady, ievel flight or in accelerated flight
vhere the fuselage velocities and accelerations are prescribed.
The rotor rotational velocity is constant.

Two-dimensional unsteady aormal force and moment data obtained
for an airfoil executing forced sinusoidal pitch oscillations
under constant velocity conditions can be applied under rotor
blade operating conditions involving velocivy varistions and
multiharmonic angle of attack variations. It is assumed that
this application can be accomplished by generalizing the basic
data to functions of section angle of attack, angular velocity,
and anguiar acceleration.

The effects of compressibility on unsteady airfoil characteris-
tics can be approximated by scaling the generalized incompressible
unsteady data using scaling procedures that generally predict

the effect of campressibility on steady-state airfoil character-
istics. -

Quasi-steady, two-dimensional aerodynamic theory is applicable
for those blade sections operating at conditions of high Mach
number and high angle of attack or in reversed flow.

Section drag coefficients are given by steady-state values.

The velocities induced at the rotcr by the vortex system
represerting the rotor wake can be computed using e lifting-line
type of analysis in which wake distortions are meglected.

The blade has an elastic axis so that blade deflections can be
considered as the superposition of twe orthogonal translstions
of this axis and a rotatiorn abcut it.

Priccipal blade fiexibility effects can be accounted for by

considering only three flatwise, two edgewise, and two torsiomal
vibratory modes.

Blade flap and lag hinges are coincident for articulated rotors.

The local center of gravity is assumed to lie on the major
principal axis of the section.

The blade is linearly twisted along its span.




13.

The following quantities can be assumed to be rmall in comparison
to unity:

a. Flap and lead angles (in radians) and their derivatives

b. Ratios of elastic defiections to rotor radius and their
derivatives

c. Ratios of chordwise distances (i.e., chord, center-of-gravity
offset, etc.) to rotor radius

d. Builit-in twist (in radians}

e. Ratio of flap-lag hinge radial distance from center of
rotation to rotor radius

f. Froude number (g/.Q.zR )
g. Ratios of blade thickness dimensions to chord

h; Ratios of fuselage angular velocities to rotor angular
velocity; ratios of fuselage angular accelerations to
square of rotor angular velocity.

On the basis of Assumptions 11 and 12, the foilowing types of
terms in the equations noted can be neglected ac higher order:

a. Flatwise and edgewise bending equations:

(1) Second-order products involving elastic coordinates,
fuselage angular velocities, fuselage accelerzations,
and distance between blade elastic axis and center-
of-gravity axis.

(2) Third-order products involving elastic coordinates,
chordwise distances, flap angle, lead angle, built-in
twist, and flap-lag hinge offset.

b. Torsional equation:

(1) Third-order products involving elastic coordinates,
fuselage angular velocities, fuselage accelerations, and
distance between blade elastic axis and center-of-
gravity axis.
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{2) Fourtn-ord:r proaucts involvirg elastic coordinates,
chordwise distances, fiep angle, lead angle, built-in
twist, and flap-lag hinge offset.

Flap angle and lead angle equations - second-order terms
involving products of elastic coordiiates, fuselage angular
velocities, fuselage accelerations, chordwise distances, and
built-in twist.

Section velccity equations:

(1) Second-order products of elastic coordinete:

(2) Third-order products involving the elastic coordinates,
chordvise distances, rlap angle, lead angle, built-in
tvist, and flsp-lag hinge offset as factors.

All equations - the spanwise compouent of acceleration due
to gravity.

11



UNSTEADY ATRFOIL DATA

DESCRIPTION OF ORIGINAL UAC DATA

_The oscillating airfoil data used in the present analysis were
cbtained in an experiment previously conducted at the United Aircraft
Research Laboratories (UARL) for the Sikorsky Aircraft Division (Reference
10). Portions of these data were used ir a previous analysis of incipient
stall flutter sponsored by USAAVLABS, and a complete description of the
test program will be found in Reference 2. A brief summary of the test
program is included herein to provide necessary background for subsequent
gsections of this report.

The test data were obtained from differential pressure transducers
mounted on a 2-ft-chord NACA 0012 model. The tests were conducted in the
two-dimensional channel of the UARL 8-ft main wind tunnel. Data were
obtained for most, but not all, combinations of the following parameter
values:

Amplitude of motion, a = 3k, 6, 8 deg

Mach number, M = 0.2, 0.3, 0.k

Mean angle of attack, ajy = O to 33 deg in 3-deg increments
Frequency, f = 0.0, 0.5, 1, 2, 4, 8, 12, 16 cps

The actual points for which data were taken can be found in Tables I, II,
and III of Reference 2, for M = 0.2, 0.3, and 0.4, respectively. It can be
seen from these tables that most of the test points were taken at the lower
Mach numbers and at the higher amplitudes. This fact influenced- certain
choices that were made in the course of the data analysis and which will be
deccribed in subsequent sections.

GENERALIZATION OF UAC UNSTEADY SINUSOIDAL DATA

Conversion of Data to @, A ,B Dependency

Earlier in this report, it was pointed out that it was necessary to
operate on data obtained from sinusoidal tests to provide a set of
coefficients applicable to operating conditions for a helicopter rotor
blade, vwhere several harmonics of motion are present. No definitive
analytical or experimental study has been conducted regarding the best
procedures for applying sinusoidal data under such conditions. Ip this
investigation, it has been hypothesized that the sinusoidal data can be

12




generalized by converting them to functions of the instantaneous angle oY
attack @, angular velocity param« :r A, and angular accelsration peramet r
B for & given Mach nimber. A necessary (but not a sufficicut) conditio:
for the validity of this approach lies in the ability to characterize the
essential features of the sinusoidal data in terms of only these three
parameters. ¥hile such is the case ir potential flow, as shown below, the
ability to do so in nonpotential flow had not been completely proven. Even
assuning that the essential features of the sinusoidal data can, in fact,
be adequately expressed in terms of a,A, and B, it remains to be shown that
such a characterization will predict unsteady aerodynamic characteristics
in nonpotential flow for multi-harmonic motions. This can be demoustrated
only by correlation with experimental results. The theoretical background -
and the broad concepts of the data conversion technique used in the present
study are described below. A detalled discussion of the process used is
given in Appendix II.

Consider first the case of a linearized, potential; incompressibie

flow past an ailrfoll oscillating sinusoidally in pitch. The normal force
coefficient C, and the pitching moment coefficient Cy can be expressed in
terms of three cunstant coefficients which muitiply the angular displacement
a, the angular velocity a, and the angular acceleratiorn & (see p. 272 of
Refcerence 12). (The theoretical moment coefficient given beiow is resolved
about an exis at 0y, measured in semichords aft of the midchord of the blade
in accordance with accepted practice. The experimentally determined moment
coefficient, from Reference 10, is referred to later in the text as Cm, -)

2
ch= 27 C(k)a*+ % [l +2 C(k)(—%— = oo)]d"’— voo(—zﬂu-) P (&)

t=ow (o°+ ’|2) C (k) a*+ %& (-é- - oo)[@oi» «é—) Clk)- —é—] a*- T (—296)2(%+ o%)&“ (5)

In these equations the starred quantities are complex. However, following
tradition, the Theodorsen circulation function

C (k) = F(k)+ iG(k) (6)

will remain unstarred.
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The complex angle of attack a® may be. expressed as the sum of the mean
angle of attack @)y ard the instantaneous displacement from the mean ge'“
or

a* * ay +ae'v! (n

This expression implies that the Cp and Cm responses each consist of a
steady part dependent on the mean angular position, and an unsteady, time-
dependent part associated with the instantaneous displacement from the mean.
These steady-state force and moment expressions are not included in Egs.

(4) and (5) because the original expressions in Reference 12 were written
for displacements relative to the mean position. Hence, in making use of
these equations, one must be careful to include an additions! term in each
of them to account for the steady-state response. This is done later in
Appendix II1I.

Equation (7) has a real part given by

@ = Q-+ TCOSwt (8)

and the first two time derivatives of the real part can be written as

@ = -wasinwt =_+;w../62- (a-aM)z (9)

§ = —w2FCoswt = - w2(a-ay) (10)

The second form of each equation is obtained by eliminating the time
parameter through the use of elementary trigonometric identities. At this
point, it is convenient to define the dimensionless angular velocity
parameter A and the dimensionless angular acceleration parameter B, which
together with Eq. (8) make up the fundamental three-parameter set of the
present study,

1k




a = a, + dcoswt (11)

A__—-_-.Ez%zikﬁz—(a—a,‘F (12)
g8 = (-?CU-)Z&' : - e -ay) (13)

where k is the reduvced frequency for sinusoidal mction, defined by the
expression

- Lfw 1%
k = (1)

Conceptually, Egs. (4) and (5) can be expressed in real form as
functions of the angular displacement, anguiar velocity, and aneuiar
acceleration; hence, both €y and Cqycan be functionally written in terms of
the fundamental three-parameter set, a , 4,8, as

¢a = Calr, A, B) (15)

Cm = cm( Q. A, B) , (16)

The conversion of Egs. (4) and (5) to this functional form for potential
flow 1s a relatively straightforward task and is dene in Appendix ITII. 1In
the case of nonpotential flow (i.e., for incidence angles greater than the
stalling angle), the relationships are no longer linear, and the simple
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expressions of Appendix IIT are no longer valid. However, it is possible
to use the results of the experiment described in Reference 10 to tabulate
both Cr and Cm., as functions of these three parameters. It is the purpose
of this section and cf Appendix II to show how such a *abulation can be
constructed, and it is a further purpose of this repart to show how such a
tabulation can be used to predict stall flutter instabilities of helicopter
rotor blades.

As described in Appermdix II, the first task in converting the sinus-
oidal data to a generalized farm was to select an irterpolatior parameter.
The frequency f was found to be the most convenient parameter for this
purpose, and a series of cross plots was then prepared for Cm., versus f
for constant values of the remaining parameters. Specific values of the
fundacental three-parsmeter set,a, &4, 8, vwere then chosen for the coordi-

nate points of the final tabulation. The vaiues chosen were:

"
(=)
-

a 1, 2, 3,...5 26, 27 deg
a =0, ¥0.01, Z0.025, ¥*c.04
g8 = 0, ¥0.001, ¥o.004, 20.007, ¥0.01

Once theze values had been selected, the procedure described in Appendix II
wag followed, iu which data points were interpolated versus f, plotted
versus A, faired, cross-plotted versus B, faired again, cross-plotted versus
@, and faired once again. Selected points from these smoothed curves were
then checked asairst comparable points from the original sinusoidal loops,
and adjustments wvere made in the faired curves to reduce the error between
the original loops and the final faired data. The agreement between the
tvo 15 discussed in the following section.

Firally, these unsteady moment coefficient data vere tabulated and are
presented in Table IT. Further details of the tabulation wiil be found in
Appendix II. ‘The original table of unsteady normal force ccefficient, first
presented in Reference 10, has also been included in the present report as
Table I.

A fev selected plots of Cm_,, Versus a are shown in Figures 5, 6, and
7 for B= -0.01, 0, and 0.01, respectively, and the three curves in each
figure are for A = -0.025, O, and 0.025. Values of Cm,, for zero angle
of attack were obtained from the theoretical formula Adiscussed in Appendix
YII. In each of the Tigures presented here, a basic behavior or trend of
the curves can be seen (which is exhibited by the entire set of Cmy crar @
cross plots), but this trend is most clearly observed in Figure 5 for 8=
«0.01. The most striking thing sbout the dynamic moment response is the
delay in the occurrence of stall when the angular velocity is positive and
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the reversion to e stalled condition when the angular velocity 1s negative.
This is clearly seen in Figure 5 1in the curve for A = 0.025, vhich remains
level (and hence unstalled) beyond @= 2C deg and does not exhibit any
sharp decreases until a= 25 deg. These values of @ are considersbly
greater than the steady-state stalling angle of @= 13 deg (see the curve
for A = B = 0 in Figure §). The curve for A = O lies above the curve for
A = 0.025 when a is small and crosses te’ovw it wher a@ is large. Simflarly,
the curve for A = -0.025 lies above both the other curves for small a and
crossas below both curves for large @ . A similar behavior is observed in
Figure 6 for B = 0, although the marimum angle attained before the curve
departs from the horizontal (which may be regarded az the dynamic stall
angle) is smaller for each value of A than the comparable value attained
in Figure 5 for negative B.. Firally, Figure T, for positive B , shows the
same typical behavior, although the curves beyond dynamic stall are more
irregular than those shown in the previous two figures. Furthermcre, the

dynamic stall angle is again smalier for positive B than it was for either
Zzero B or negative B .

This graphical inversion of the order of the curves is responsible for
the loop crossovers (discussed in Reference 2 and in more detail in the
following section of this report), which contribute to the negative aero-
dynamic damping in stall flutter. To illusirate this behavior, refer to
Figure 8, vhich is identical to Figure T except that the right balves of
tvwo hypothetical moment loops have been superimposed on the curves, one for
the potential flovw regime at small a and one for the stalled flow regime at
large a. The right half of each loop has been chosen because this is the
portion for which the angular acceleration is nagative. Actually, a true
loop weculd have variations in B, ranging from zero at the mean angle of
attack to zaxjmum megative B at the maximum angle of attack. However, the

use of hypothetical loops in 2 constant B plot will be permissible for
illustrative purposes.

First consider the loop in the potential flow regime, limited in this
case to a< 8 deg, with numbered points 1, 2, and 3. At point 1, the
acceleration has just become negative during the positive A portion of the
motion. At point 2, the B parameter has reached its negative maximum value
and A is zero. At point 3, B is again approaching zero and A is negative.
Note that the portion of the loop shown here is elliptical and traverses
the Cm,, » @ plane in the counterclockwise direction. As shown in

Reference 2, this 1s a stable loop which produces positive aerodynamic
damping.

17




Now consider the loop in the stalled r'low regime with numbered points
L, 5, and 6. The description from the previous paragraph concerning the
relative velues of A and B can be applied here with points 1, 2, and 3
replaced by points 4, 5, and 6, respectively. However, this time the
portion of the loop shown here crosses itself, and a portion of the loop is
traversed in the clockwise direction. As shown in Reference 2, this is a
destabilizing rortion of tise loop. Under some circumstances, this portion
can grovw at the expense of the stabilizing portion, and the result is a
seif-excited, single-degree-of-freedom stall flutter i. the pitching mode.
However, this phenomenon is usually self-limiting because enough positive
demping can be produced by a stable left half of the loop to balance the
negative damping of the right half of the loop.

Verification of Conversion Process

The usefulness of the Cm.,, tabulation hinges on its ability to pro-
udce the correct value of the unsteady moment coefficient ftor a variety of
motions typical of helicopter rotor blade displacements. A necessary (but
not sufficient) condition, then, is that the tabulated values must produce
reasonable facsimiles of the original sinusoidal loops. As part of the
cross-plotting and smoothing procedures described in the previous section,
a number of loops were reproduced from the tebulated data and were compared
with the sppropriate original loops. Satisfactory agreement tetween the
origingl and reconstructed loops was achieved, and the resuliz are shown in
Figures 9 through 13 for a variety of conditions.

In mc7t cases the agreement is moderately good; in a few cases it is
excellent, and in a few cases it is poor. However, it must be remembered
that each original loop represents only a single cycle of an oscillation
that exhibits a random, stali-induced characteristic superimpecsed on the
basic wave form. Since any individual reconstructed loop was produced by
an averaging process, 1t is not surprising that there are individual
departures from the original data. Indeed, it is encouraging to note that
there is #. overall agreement in the trends exhibited by these figures.

Tnis overall agreement is further amplified in the discussion of
integrated effects which follows below. First, however, it is instructive
to0 consider the individual comparisons. Figures 9 and 10 contain loops for
constant reduced frequencies of k = 0.112 and 0.225 ( f = 4 and 8 cps),
respectively, which are frequencies representative of the middle of the
original test range and are probably most representative of the helicopter
operating range. As stated above, the agreement is generally good, par-
ticularly at the lowest mean angles of attack, bul even vwhen tI: curve
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values do not match, the locations of the curve crossovers are in reason-
ably good agreement. These crossover points are of vital importance to

the stall fluttcr prediction because, as described in Reference 10, the
transition from a counterclockwise enclosure of the loop to a clockwise
enclosure represents the transition trem positive aerodyramic pitch damping
to negative aerodynamic pitch damping.

Figures 11, 12, and 13 contain loops for mean angles of attack of 15,
18, and 21 deg, respectively, and indicate the ability of the tabulaticn to
predict the effect of reduced frequencies. This is the angle of attack
region which is most susceptible to stall flutter, as discussed in
Reference 2. In these figures, the agreement between the reconstructed
loops and the originzl loops is generally good for reduced freguencies of
0.112, 0.225, and 0.338. The agreement is only fair at the lowest and
highest reduced frequencies, k = 0.056 and 0.450, but the directions and/or
crossovers of the loops are correct. It should be noled that in Figure 13,
for ay, = 21 deg, the reconstructed loops for the highest frequencies exhibit
flat regions in the vicinivy of a@= 27 deg. These flat spots occur because
one or more of the parameters a, A, or B have exceeded the tabular values
given in Table II, and the computer program has selected "corner values" in
these regions. The parameter values at which these corner values are
selected are generally outside the range of interest in helicopter applica-
tions, and these discrepancies are not believed to be important in their
effect on the stall flutter prediction.

As a final check on the overall agreement between the reconstructed
loops and the original data, the aerodyramic damping parameter Eaz was
calcuiated for the reconstructed loops. Use was made of Eq. (40) of
Reference 2, and the integrated damping for the reconstructed loops was
compared with the results published in Figures 1k and 15 of Reference 2 for
@ = 8 deg. This comparison is prese .ted in Figure 14. The results shown
here corrcborate the statement made earlier that the overall behavior of
the reconstructed loops is in good agreement with that of the original data.
In every panel of Figure 1k, except the panel for the highest mean angle
(ay = 27 deg), the agreement between the two sets of results is good. In
fact, a comparison of Figure 14 with Figures 14 2nd 15 of Reference 2 shows
that the disagreement between the damping for the original and the
reconstructed loops for the selected amplitude is generally less than the
experimental scatter of the data for all amplitudes shown in Reference 2.
(The faired curves of Reference 2, representing all amplitudes, are
included in Figure 14 for the convenience of the reader.) Furthermore, in
the last panel of Figure 1k, for ap = 27 deg, where a substantial disagree-
ment is observed, the damping for the reconstructed loops is in agreement
for low values of reduced frequency and is conservctively destabilizing for
large values of reduced frequency.
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Additionally, some comparisons of recorstructed normal force loops and
the original loops from Reference 10 are shown in Figures 15 and 16. These
figures show, respectively, the effect of varying mean angle of attack at
a typical value of reduced frequency and the effect of varying reduced
frequency at a typical mean angle of attack. As with the comparison of the
moment loops, the agreement is gencrally good, although individual loops
have local discrepancies. Ome significant aspect of the unsteady normal
force at. angles above the steady-state stall angle is the tendency to over-
shoot the steady-state maximum normal force by a considerable margin. These
figures show that the maximum value cf the unsteady normal force can be as
large as 2.2, whereas the maximum steady-state value at low Mach numbers is
approximately 1.2 to 1.3. This phenomenon is noted later in the text in
connecticn with observed delays in rotor lift stall.

SCALING OF UNSTEADY DATA

The unsteady aerodynamic characteristics of an NACA 0012 airfoil
executing forced, pure sinusoidsl pitching motion form the basis of this
stall flutter study. As originally plamned, experimental data describing
the two-dimensional normal force and pitching moment characteristics over a
vide subgcnic Mach number range were to be employed to provide an improved
analytical method capsble of predicting stall flutter. The unsteady airfoii
data wvere gvailable from two sources. One series of tests, conducted at
UARL a number of years ago, is described im Reference 2. In these tests,
most of the data were cbtained at Mach numbers less than 0.4 and at reduced
frequencies less than 0.45. More recent tests, conducted by Boeing under
USAAVLABS sponsorship, are documented in Reference 11. In the Boeing tests,
the Mach number range was extended to 0.6 and the reduced frequency range
was extended to 0-T2.

As described earlier, the application of unsteady data to rotor blade
operating conditions required that airfoil characteristics be expressed as
functions of four variables:; Mach number M, instantaneous angle of attack
a, angular velocity parameter A, and angular acceleratiun parameter B. In
processing the Boeing data, 1t was found that the test matrix employed by
Boeing was not sufficiently complete to permit conversion of the data
(through cross plots) to the required M ,a ,A,B form needed for this
study. (It should be stressed that the Boeing tests and the present study
vere not designed to be compatible, although agreement between comparsble
UAC and Boeing data points was generelly found to be reasonable, especially
when differences in steady-state stall angles were considered.)
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To satisfy the need for higher Mach number data in tie form required
by the present method, a Mach number scaling procesdure based or the steady-
state stall angle vas developed. In the absence of unsteady data at higher
Mach numbers, the steady-state normal force and pitching moment character-
istics of the NACA 0012 airfoil, normalized in terms of stall angle, were
used to evolve separate scaling laws for normal force and moment. These
steady-state scaling laws were then assumed to apply to the unsteady blade
characteristics as well. A discussion of this application and examples of
scaled loops are contained in the following sections.

Normal Force

First consider the steady-state normal force characteristics, as shown
in Figure 17 for 0.2 € M £ 0.7. These data were okbtained from 1ift and
drag data presented in Reference 18. For the purpose of this discussion, a
normal force "stall™ angle agn is defined as that angle at which the normal
force characteristic at any M initially departs from linearity. Also, a
dimensionless normal force stall angle parameter o, § defined as the ratio
of the angle of attack a to the normal force stall ani : ag,,

On = @/a4, (17)

When Figure 17 is examined, three significart variations with
increasing Mach number are clearly evident in the potential flow regime
(1.e., @ < agyvhere, as noted above, asp is the angle at which the normal
force curve initially departs from linearity). These variations are an
increase in normal force curve slope in the potentiai flow regime (a< agn ),
a reduction in the value of Cp at the stall angle @sn, and a reduction in
the normal force stall angle itself. By properly manipulating these three
factors, the higher Mach number curves can be derived, in the potential
flow regions, from a single incompressible normal force characteristics
curve. In particular, it can readily be shown that in the potential flow
region the steady-state normal force at any Mach number can be related to
the incompressible normal force by the expression

(c")cﬂ."'o (Cn sr&,gs)u (18)

(cn)c""' ] J1-m? (CneracL,ssiu=o
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This same expression was then assumed to apply in the unsteady situation.
Note that Eq. (18) can also be written in the following alternate form:

(c")%," ) (c,.)o_m ueo

(19)

(Crgrace,sshe ) (Crsrar,ss) Mo

This expression effectively states that at any Mach number, the ratio of
the normal force coefficient (steady or unsteady) to the steady-state normal
force coefficient at the stall angle ag, is equal to the ratio at M= 0,
provided both ratios are evaluated at the same value of o,.

As a first iimited test of the applicability of this scaling technique,
Eg. (18) was used in conjunction with the incompressible C, data of Table I
( A =B =0) to compute steady-state 1lift characteristics at several Mach
numbers. These were then compared with actual data given in Figure 17.
The comparisons are shown in Figure 18, vhere the values of ag, and
( Chigrace.ss ) used in scaling are also noted. Below as,, agreement between
measured and scaled results i1s excellent, as might be expected. The agree-
ment above agn 1s less faithful, but acceptable.

As a further check on the general accuracy of the scaling techniques,
several normal force hysteresis loops were generated for M= 0.4 and 0.6.
These were compared with experimental results fram Reference 11l. In
obtaining the scaled results, the lata of Table I were used in conjunction
vith Eq. (18) and values of ag, and ( Cngp, ., ¢ ) fOr the Boeing airfoil
(see Table III). Figure 19 compares loops for M = 0.4, ay~ 9.8 deg, and

@~ 4.8 deg. Experimental loops are shown as solid curves, while the
dashed curves represent loops constructed and scaled from the UAC incom-
pressible unsteady normal force data of Table I. Figure 20 gives similar
results for M = 0.6. Agreement between experimental and scaled loops is
seen to be reasonable for M= 0.4. However, at M= 0.6, the comparisons are
less favorable.

In applying the scaling techniques for the investigation reported
herein, the following computation procedure was required to make the
transition from the real blade conditions to the data tabulation and then
to scale the data back to the blade conditions.

1. Compute the following two-dimensional conditions at a rotor
blade section: a ,M,A,B

2. Compute the dimensionless stall angle parameter o, = a/Cgq
where agn corresponds to the blade section Mach number M
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3. Compute ‘he equivalent incompressible angie of attack
am:0 = %n (an)M=o

4. Enter the unsteady normal force tabulation with ay.q, A,
B, and extract the normal force coefficient f.:n)," Mo for
use in Eq. (18)

5. Compute a maximum normal force coefficient at stall
( CngraiL.ss )y thet corresponds to the blade section
Mach number M

6. Apply Eq. (18) to scale (Cnlg, M0 t0 the blade section
Mach number M

T. Result: (Cn)cmu

The normal force coefficient is then trigonometrically converted to
the 1ift coefficient at each spanwise station. An integration over the
blade span is performed o determine rotor blade loading, and the sequence
is repeated at each blade azimuth angle.

The scaling parameters used in applying this scaling technique to the
unsteady data in the blade response calculations presented herein are given
in Table IV. Note that for M= 0.2, the values of @gq and ( Cngy,, ., ) 8T€
different from those used in the calculation of the M = 0.2 curve of Figure
18. This results from the differences in steady-state normal force response
indicated between the M = 0.2 data from Reference 18 and the steady-state
results extracted from Table I for A= B = 0.

Pitching Moment

As in the case of the normal force, the scaling procedure used for the
pitching moment is based on the steady-state stall angle. Consider the
unpublished steady-state pitching moment characteristics, Figure 21, corre-
sponding to the 1ift and drag data of Refercnce 18. A pitching moment
"stall" angle agm is defined to be an angle near the point where the steady-
state moment at any M departs from zero. Also, a dimensionless pitching
moment stall angle parameter om is defined as the ratio of the angle of
attack a to the pitching moment stall angle agm. Unlike the normal force,
the pitching moment stall angle agy is not necessarily related to the
departure of the pitching moment fram linearity. Rather, it was initially
defined as that angle which, when used, permitted the steady-state pitching
moments for the higher Mach numbers (Figure 21) to be predicced with reason-
able accuracy from the incompressible pitching moment data (assumed to be
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the M = 0.2 data in Figure 21). Taktle IV lists the values of agmfound to
be acceptable on the basis of this criterion (see original agm column in
Table IV). The actual scaling procedure is one of operating on the
incampre:s,cible data with the following simple expression, which primarily
manipulates the location of the pitching moment breaskpoint:

(Cmf)c M30
(Cmg) gy = ity M0 (20)

Viom?

Figure 22 compares the values of steady-state moment coefficients calculated
using results from Table IV and Eq. (20). No comparison is shown for M =
0.2, as the agreement is exact for this Mach number. Up to M= 0.4, the
agreement between experimental and scaled curves is seen to be very good.

As might be expected from previously presented lift resuits, the agreement
is less favorable at M = 0.5 znd 0.6.

The scaling procedures were also applied to generate several unsteagdy
pitching moment hysteresis loops from the unsteady data of Teble II for
comparison with experimental loops from Reference 11 for M= 0.4 and 0.6.
Resulis are shown in Figures 23 and 24. In obtaining these results, the
values of @gm Were determined from the Boeing steady-state moment data
(Reference 11) and are given in Table III. The comparisons shown in
Figures 23 and 24 are generally not favorable, although in some instances
reasongble agreement in loop shepe and crossover points can be noted.

As wilh normal force, in applying the steady moment data of Tgble II
in the Blade Response Program, the computation procedure must firs%
transform from the real blade conditions to the M = 0 data tabulation and
then scale back to real blade conditions. A description of this sequence
follows:

1. Compute the following two-dimensional conditions at a rotor
blade section: a,M,A,B

2. Compute the dimensionless stall angle parameter op = a/aq,
vhere agm corresponds to the blade section Mach number M

(see Table IV)

3. Compute the equivalent incompressiblz angle of attack

Cm:0 = “m{%smluso
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L. Enter the pitching moment tabulation (Teble II) with ay.q ,A,
B, and extract an incompressiile moment coefficlent (C"‘cu)c ™0

vhich appears in Egq. (20) l

5. Apply Eq. (20) to scale (Cm,), M:0 to the blade sect on
Mach number "

6. Result: (Cmcu)a-m M

This sequence is repeated for adjacert blade sections and for each blade
azimuth angle. :

Following the initiation of this investigation, additional data on the
effect of compressibility on aerodynamic damping in pitch (equivaiently,
Cme,e) Vere published ir Reference 19. These data are presented as the
dashed curves in Figure 25, where the boundaries encompassing the negutive
damping region are shown as functions of section angle of attack and Mach
curber. The solid curves in the left-hand panel of Figure 25 represent the
equivalent boundary defined by the scaling procedure using Cm.,, data from
Teble IT and the ariginal values of agm from Table IV. In an attempt to
improve the agreement between scaled results and Reference 19 results, a
revised agm tabulation was generated (see Teble IV) and used to produce
the camparison shown in the right-hand panel of Figure 25. These revised
results became available in time for use by the Sikorsky Division in their
correlation studies. Bowever, alil parametric and sensitivity study results
presented in this report are tased on the original asm tabulation given in
Table IV.
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EXPLORATORY STALL FLUTTER STUDIES

This section of the report describes the results of exploratory
calculations made to assess the effect of several blade design and flight
condition parameters on the susceptibility of rotor blades to stall
flutter. Presente. are {1) a description of the blade designs and flight
conditions selected for investigation, (2) results of a study conducted
for a reference blade design to establish the sensitivity of the predicted
torsional response (and associated root . tching moment) to certain
parameters in the general aerodynamic moael used, and (3) results showing
how the stall flutter characteristics of the reference design are affected
by changes in certain design pararaters.

BLADE DESIGNS AiD FLI ITIONS

The parameters expected to be pertinent to the stall flutter problem
of rotor blades are listed below:

1. Roter 1ift, C /o

2. Rotor advance ratio, u

3. Rotor propulsive force, Cpg/o
b, Dlade twist rate, §

S. Blade airfoil section

6. Blade elastic axis location

T. Blade torsional stiffness (or, equivalently, torsional frequency
ratio, Gbl)

8. Blade center-of-gravity axis location (cg).

Items ) through 4 principally influence the extent to which the steady-
state stall angles of attack will be exceeded over the rotor disc for a
given flight condition. Ttems S5 and 6 affect the unsteady aerodynamic
hysteresis characteristics of the blade as it oscillates above and below
the steady-state stall angle, while Items 7 and 8 contribute to the
torsional dynamic response characteristics of the blade.
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The parameters considered in this investigation were Items 1, &, 17,
and 8 (1if%, twist, torsional frequency, and section cg locatiocn). Items
5 and € were not considered because of a lack of appropriate unsteady
airfoil dsta; all calculations herein are based on dats for an RACA 00i2
airfoil oscillating sinusoidally in pitch about its quarter-chord. In
addition, rotor advance ratio and propulsive force were not considered as
variables. Rather, as discussed below, typical values of these parameters
at which the stall flutter phenomenon might be expected to occur were

selected. Table V indi-«<tes the blade designs investigated. The Refere.ice

Blade was substantially an S-€1F blade (Reference 20) except for its
torsional natural frequency (frequency of blade when mounted om control
system), which was increased from 6.5P to 8.2P (through control system
stiffness increases) to provide a greater range of Egl . The principal
characteristics of this blade are given in Table VI. All cother blades
studied were identical to the Reference Blade except for the parameters
noted in Table V. 1In the case of the Low-Frequency Blade, the reduction
in frequency was achieved by reducing the control system spring rate fram
1.2 x 106 ft-1b/rad to 0.0T x 106 ft-1b/rad. Figure 26 compares the mode
shapes and frequencies of the first two torsional modes for these two
blades .

All blades were considered to form parts of five-bladed rotors whick
were operated at an advance ratio u of 0.4 in the pure helicopter mode
(i.e., rc*or providing a propulsive, as opposed to 2 drag, force). A
propelling rotor condition was selected s being more criticsl from the
stall flutter standpoint since the depth of rotor stall at a given ¢ /o
increases with increasing propulsive force (see Reference 18). Rotor shaft
angle was fixed at a typical value for the propulsive fligit mode ( ag~
-8 deg, Cpr /o ~ 0.009 for Reference Blade), and the torsional response
characteristics of each blade design were computed at rotor lift values
corresponding to nnminal incipient, moderate, and deep s*3ll operating
conditions. (Stall here is defined as steady-state stall.) Increases in
1lift and, hence, penetration into stall were accomplished by means of
collective pitch ( 875 ) variations. The required values of 075 were
estimated from the charts of Reference 18 tor the Rzference Blade as

Condition 875, deg
Incipient Stall 12.2
Moderate Stall 1.2
Deep Stall 15.2

These values of collective pitch were also found to be appropriate for the
other blade designs considered. Cyclic pitch control angles ( t\,$ and g, )
were arbitrarily estimated from Reference 18 using the requirement of ?
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approximateiy zero flapzing with respect to the shaft fo: the Referencze
Biade for incipient stall operation. The cyclic pitch values were A, =
-2 deg and Bl’ = 9 deg-

SEESITIVITY STUDIES

As originally envisioned, the asalysis developed in this investigation
was to use experimental unsteady data for Mach numbers up to 0.6. However,
as discussed previousiy, this proved tc be impossible, ard it wes
necessary to use scalirng procedures in an attempt to account for the effects
of compressibility. Because of possible uncertainties introduced by such
an approach, a limited number of calculations were madGe for the Reference
Blade to establish the gepneral nature of its computed torsional response
and the sen- ; ;ivity of this reponse to arbitrary changes in certain
parameters introduced into the aerodynamic model by the scaling procedures.
Also included in this study was an evaluation of the sensitivity of the
results to the number of iterations performed between the Blade Response
Program and the Circulation Program (see Figure 1). In addition to
indicating the relative significance of the various parameters, these
calculations also aided in establishing the final aerodynamic model used to
calculate the torsional respomse and pitching moment charecteristics of
the remaining blade designs.

General Response Characteristics

Figure 27 indicates (for the Reference Blade) ihe general effect of
increasing blaude collective pitch (equivalently, rotor loading) on the time
history of ‘blade root pitching moment. This moment, which is nondimension-
alized as noted, is imposed on the rotor control system and thus is a
direct measure of push rod or pitch link loads. To a good first approxi-
mation, the mament also i1s proportional to the elastic torsional response
of the blade. For comparative purposes, results obtained using both
convertional steady-state aerodynamic data (of Reference 18) and scaled
ungteady data (from Tables I and I1) are presented. Corresponding time
histories of angle of attack at the three-quarter radius are also given in

Figure 28.

The results of Figures 27 and 28 indicate that increasing 8, causes
the angle ot attack on the retreating blade ( Yy~ 270 deg) to increase and
eventually to exceed the nomiral steady-state stzll angle { ~ 12 deg). At
the loweet @, , the oscillatory pitch moment is small, and the use of
unsteady aercdynamic data has little effect because of the relatively low
section angles of attack. Increasing collective pitch to 1k.2 deg results
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in an cscilletion at the first torsional natural frequency of the blade
when unsteady aerodyramic data are used. This 1s due to a self-cxcited
torsionai oscillation of the blzde which appears to be initiated at about
a ¥ of 220 deg. The oscillation grows in amplitude until the blade
reenters the region of higher dynamic pressures and lower angles of sttack
in the first quadrant, where botn stall and unsteady effects are reduced
and the motior is quenched.

The torsional oscillstion noted is characteristic of stall flutter and
is reflected in the angle of attack time history for Op = 14.2 deg in
Figure 28. 'The oscillation also appears to be superimpcsed on = lower
frequency moment variation which is partially charactecized by & pcsitive
moment peak on the advencing blade. This peak results from a relatively
rapid unstalling of the blade and a resulting dynamic overshoot as the
blade seeks a new equilibrium position.

As the blade collective pitch angle is increased further to 15.2 deg,
the characteristics of the blade moments described ambove are accentuated.
Additional information about the self-excited oscillation noted at 8.4 =
15.2 deg is given in Figure 29, where the relative magnitude and phasing of
the angle of attack, angular velocity parameter, angular acceleration
parameter, aerodynamic moment coefficient, and elestic twist at the T5
percent radius stetion of the blade are compared.

When steady-state aerodynamics are used, the angles of attack on the
blade for a given collective pitch value are higher while the rotor 1ift is
lover (see Figure 28). This is due directly to the occurrence of classical
steady-state stall; however, despite the apparent deep penetration into the
stall regime, no stall flutter type of oscillation occurs. The higher 1lift
chbserved with unsteady aerodynamics is of some significance, in that this
ovservation is qualitatively consistent with delays in rotor 1lift stail
noted in several experimental investigations (e.g., References 5 and 21).

The general effect of including the velocities induced by the rotor
wake (variable inflow) in the unsteady serodynamic model is shown in
Figure 30. In this figure, blade pitching moments predicted using variable
inflow are campared with corresponding constant inflow results from Figure
27. This compsrison indicates that the blade moments predicted with vari-
able inflow, while exhibiting some differences in shape, have characteris-
tics essentially similar to those predicted with constant inflow. Stall-
flutter-type oscillations again occur at @, = 14.2 and 15.2 deg and
have the same frejuency and approximately the same amplitude. Rotor 1ift
is substantially unchanged by the inclusion of varlable i1afiow.




Effect of Varietlons in Aerodymaamic Model

The results using unsteady aerodynamic data, presented in Figures 27
through 30 and discussed in the preceling section, vere based on the
following assumptions in the aerodynemic model:

1. The limit Mach numbers (M,, M,) to which the incompressible
unsteedy data could be scaled at angles of attack above and
below the steady-state stall angle were G.5 and 0.8,
respectively. (Figure 31 indicates the parameters used to
define the operating regions where scaled unstesdy aero-
dynamic data vere used; values of ag, and agmy were taken
from Table IV.)

2. The Prandtl-Glauert compressibility factor 1-M2  could be
applied at all blade section operating conditions regardless
of whether they involved potential or nonpotential flow.

3. All results using variable inflow could be generated using
one iteration between the Blade Response and Cirrulation
Programs (see Figure 1). This was equivalent to two passes
through the Blade Response Program and one pass through the
Circulation Program.

A limited number of calculations were made to examine the general sensitiv-
ity of the blade root pitching maient to each of these assumptions. Results
for tne important 14.2 collective pitch condition are presented in Figure
32 and are discussed below.

The effect of decreasing M, from 9.5 to 0.4 and M; from .85 to 0.€
is shown in the top panel of Figure 32. The results indicate that both the
initiation and the growth of the self-excited oscillation in the third and
fourth quadrants are substantially unaffected by the values selected for
these parameters. This results fram the faci that the local angle of
attack-Mach number combinations over the important outer region of the
blade are such that unsteady aerodynamic characteristics are ured for both
sets of M, and M;. It is seen, however, thei in the first gquadrant the
selection of the upper values of M: and M, leads to a somewhat larger
high-frequency torsional oscillaticn. This is due to the more extensive
use in this region of unsteady data with their inherent destabilizing
effects at high angles of attack. The higher values for the scaling limits,
M, = 0.5 and M, = C.85, were arbitrarily selected for use in all remaining
calculations.
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Tr2 effect of increasing the number of iterations tetween tihe Blade
Response Progrzm and the Circulation Program {cf. Figure 1) from 1 to 2 is
shown in the center panel of Figure 32. As indicated, littie additiomal
information is obtained on either the character or the amplitude of the
blade moment by the second iteration. A sinpgl- iteration was therefcere
selected as being cost effective.

The bottom panel in Figure 32 shows the effect of arbitrarily remcving
the Prandtl-Glauert scaling factor for those conditions where the angular
velocity parareter A of the blade section was negative. This eliminates
the major nonpotential flow operating regimes where this scaling factor is
invalid. As shown in Figure 32, the moment results are irscnsitive to the
treatment of the Prandtl-Glauert factor. For the remaining calculations,
the Prandtl-Glauert factor was, for convenience, applied for all section

operating conditions.

PARAMETRIC STUDIES

Y e

As indicated previously, the objective of the parametric studies was
to investigate the effect of variations in blade twist, first-node
torsional frequency (i.e., torsional stiffness), and chordwise cg position
on blade stall flutter characteristics. The basic results of the calculs-
tlons based on a constant inflow assumption are presented in Figures 33
through 35. In these figures, the time histories of blade root pitching
momeut for the various blade designs are compared with those for the
Reference Hlade at the same values of blade pitcn. Note that rotor lift
for a given pitch setting did not always remain constant as the blade
configuration was changed. Therefore, results of Figures 33 through 35
have been cross-plotted in Figure 36 as functions of rotor lift. 1In
Figure 36, the 3 peak-to-peak amplitude (IPTP) of both the total blade
pltching moment and that portion of the moment corresponding to the self-
excited torsional oscillation ic presented. The latter amplitude was
arbitrarily defined as the maximum amplitude of the self-excited response
on the retreating blade (180 < ¥ < 360 deg). Larger amplitudes of the
self-excited oscillation are noted for the highest pitch setting in the
first'quadrant; however, these occur in a region where the results are
sensivive to the choice of Mach number scaling limits (M, and Mz) and are,
therefore, su’ ject to some question. Results similar to those of Figures
33 through 36, but including variable inflow effects, are presented in
Figures 37 through 40. Discussion of all results follows.




Constant Inflow Results

The effect of blade twist on blade root pitching moment characteris-
tics at constant pitch setting is shown in Figure 33, where the res-lts for
the Reference Blade ( § = -k deg) are compared with those for the Figh
Twist Blade ( 8, = -8 deg) (The blades were identicel in all other
respects.) Increases in blade twist were expected to be beneficial from a
stall flutter standpoint, inasmuch as tlLe angiles of attack of the high-
velocity cutboard sectioms cf the blade are reduced at a given rotor 1lift.
Close examimatiov. of the resulis of Figure 33 indicates that increasirg
blade twist does, in fact, resuit in smaller moment oscillations at the
ssme rotor lift. Furider, the reduction is primarily due to a delay in the
onset of the self-excited oscillation. These trends are more clearly
shovn in Figure 36, where the amplitudes of the total moment and self-
excited moment component are presented as functions of rotor lift.

The effect of varying the frequency of the blade first torsional mode
( W, ) is shown in Figure 34. Results are presented for the Reference
nade, vhich had an Wy of 8.2P, and for the Low-Frequency Blade, which had
an @g of only kP. As noted in £n earlier section of the report, the
rednct:lon in “'0 wvas accamplished by arbitrarily reducing the stiffness
of the control system. This, of course, altered the first torsional mogde's
shape us well as its frequency {see Figure 26).

Exeminatior of the results for the Low-Frequency Hlade leads to the
following important observations. First, a marked reduction in the rotor
1lift for a constant pitch setting occurs when wg is lowered. This is
due to the larger nosedown elastic twist angles which are produced by
steady centrifugal and aerodynamic stall moments. The magnitude of these
maments is essentially unaffected by Ggl and, to provide equilibrium, the
less-stiff blade must deflect a greater amount. A second noteworthy point
is the apparent absence of large-amplitude, self-excited momept oscillations
that could be clearly attributed to stall flutter. Although there are some
moment oscillations at a frequency approaching that of the first torsional
mode, there is no clear indicatiorn of a growth and decay of a self-excited
oscillation. This characteristic appears to be reasonable if one assumes,
ok the basis of the results for the Reference Blade, that one or two
cycles of the self-excited oscillation must occur before significant
ampli*udes are developed. Under such conditions, a self-excited oscillatinn
at a frequency of 4P may never have an opportunity to grow significaptly
within the limited azimuthal range where negative damping exists. Con-
versely, whatever oscillation does develop may never be completely quenched
on the advancing side where positive damping exists. The plots of moment
smplitudes as a function of lift shown in Figure 36 indicate cleariy that
the Low-Frequency blade exhibits significantly lower oscillatury moments
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at & given lif{ coefficient than does the Reference Blade. It should be
remerbered, of course, that the comparison would be less favorable if made
cn the basis of the elestic torsional deflections of the blades.

The finsl design parameter investigated was the blade cg chordwise
position. The results for an Aft cg Blade (cg at 30 percent C) are
presented in Figure 35, vhere they are compared with the results for the
Reference Blade {cg at 25 percent C ). All moment time histuries for the
Aft cg Blade are characterized by a particularly severe oscillation on the
advancing blade, courled with a tendency for oscillations near the first
torsia al frequency ( ~ 3P) to persist over much of the azimuth range.

The former characterist.c 1s a steady-state aerodynamic pnenomenon, being
observed even when steady-state aerodynamics were used throughout the cal-~
culations. It appears to be the result of destabilizing dynamic forces
associated with higher harmonic blade flapping and bending motions. The
time histories of blade pitching moment and the flapping mode acceleration
are ohown in Figure 4l for both the Reference Blade and the Aft cg Blade.
The pasic characteristics of the flapping acceleration are the same for
both blades. However, for the Reference Blade, the coupling with the
torsional mode 1s very small because of the coincident cg and elastic axes.
For the Aft cg Blade, dynamic conpling exists and is destabilizing since
the torsional response produced is such as to amplify the original dynamic
excltation. The high-frequency oscilletions occurring in the azimuth range
of 140 to 120 deg are not due to stall but, rather, are believed to be
transient motions indiced by the nearly impulsive dynamic excitatiocn that
occurs on the advarirg tlade. It is apparent fram the results of Figure
35 and from the cross plots of Figure 36 that a cg axis aft of the blade
elastic axis is very detrimental, although not necessarily from a stall
flutter point of view.

Yariable Inflow Results

Blade pitch moment results obtained when variable inflow effects are
included are preserted in Figures 37 through 4. In general, the previously
discussed observations and conclusions regarding the occurrence of stell
flutter for the Reference Blade and the relative advantages and disadvan-
tages of the lcw-Frequency and Aft cg Blades are unaltered by the
inclusion of variable inflow. However, a camparison of the results for the
Reference Blade and the High Twist Blade is samewhat inconclusive. The
delay in the onset of self-excited moment oscillations with increased twist
predic’ed using constant inflow theory no longer appears to exist when
veriable inflow is included, at least for C,/o's up to 0.082. This is
probably caused by the unloading of the blade tip region due to the tip
vortex, factor that makes additional unloading associlated with increased
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twist not as important. At C /o 's greater than 0.082 (e.g., for 8,5 =
15.2 deg), the computed results with variable irflow indicated a marked
reduction in the amplitude cf the self-excited oscillation for the High
Twist Blade. Because of the number of variables involved, the exact cause
of this reduction in response is difficult to pinpoint. It was noticed,
however, that for this condition ihe phasing of the aerodynamic moments
exciting the blade tended to vary more along the span of the blade, thereby
diminishing their effectiveness.
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CORRELATION STUDIES

The objective of the correlation studies was to determine whether
the technology available in unsteady aerodynamics and rotor dyrnamics could
be used to eccurately predict stall-flutter-induced comtrol loads. To
evaluate correlation, two significant examples of stall flutte- were chosen:
the S-61F (NH-3A) in high-speed unacce.erated flight and the CH-53A during
maneuvers at high load factor. The stall flutter characteristics in
the two flight regimes differ significantly. The S-61F exhibited strong
oscillations at the blade torsional natural frequency, which initiated over
the nose of the aircraft and persisted cver the retreating side of the disc
(Pigures 42-4T). Attempts to duplicate these oscillations analytically in-
cluded examination of the effects of airload variations (Figures 48-55).

In addition, the effects on ccntrol loads correlation of collective pitch
setting, unsteady aerodynamics and blade stress predictions are considered
in Pigures 56-60.

The CH-53A maneuver conditions exhibited oscillations in the region
of the torsional natural frequency, vhich persisted over a major portion of
the disc during maneuvers while rotor lift and control load amplitudes
varied (Figures 61-65). In some cases these oszillations persisted fully
around the rotor disc for several revolutions (Figure 66). The greater
azimuthal persistence in these instances is attributed to the high rotor
loxding, which results in penetration of the stall region by a significant
portion of the disc.

S-61F FLIGHT TEST CORRELATION

The S-61F flight test program provided an excellent case for
correlation because of the clear examples of several cycles of high-fre-
quency oscillations beginning over the nose of the aircraft. In additionm,
a great deal of in-flight data, including eirloads data, is available from
the USAAVLABS/NASC-sponsored rotor loads measurement program (Reference 22).
In the referenced program, the airframe and rotor system were heavily in-
strumented tc obtain in-flight airloads, hub forces, control ioads, blade
responses, and airframe responses.

In performing the correlation, a variation of flight speed and rotor
thrust was considered since the amplitude and azimuthal persistence of the
instability are dependent upon these parameters. The conditions analyzed
are referred to by the case numbers as described in Reference 22. Six
cases were analyzed: four 185-kt cases at Cp/0 's varying from .018 to
.058, and two 165-kt cases at Cp/0 's of .021 and .054. A summary of the
principal parameters describing these cases is provided in Table VII.

Mathematical Model

The rotor blade was modeled with two rigid-body degrees of freedom
(flap and lag), five flatwise elastic modes, two edgewise elastic modes,
and two torsional elastic modes. The modal response showed that the energy
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of the two highest flatwise modes was negligitle, and results were not
gsensitive to the deletion of the fourth and fifth flatwise modes.

When constant inflow was used, analytical rotor forces and head
moments did nct agree with flight test values at the measured settings of
cyeliic pitch, ccllestive nitch, and shaft angle. The analysis contains
provisions that permit the computer to vary pitch in a prescribasd iterative
manner to converge on lift, propulsive force and/or head moments. Of the
parameters that could be varied, cyclic pitch values were the most
accurately known from tests; therefore, the shaft angle, vhich is
extremely sensitive to rotor-body or rotor-wing interference, was varied
to obtain tre analytical value of the collective pitch required. It was
determined that other inflov models did not significantly disturb the trim,
and the settings determined using constant inflow were retained through-
out the analysis.

Experimentsl and Analytical Push Rod Moments

As can be seen in Figures 42 through 47, the flight test push-rod
mou:nt increases in smplitude with increasing rotor 1ift and speed and
exhitvits oscillations at a frequency in the vicinity of the blade's
torsicial natural frequency (approximately 6.5 cycles/revolution). The
oscillations initiste over the nose and continue over the retreating side
of the rotor disc. Also shown are analytical moment time histories
based o a constant inflow assumption, wvhich do ot show stall flutter
oscillation. An attempt wvas made to induce the oscillations by increass-
ing rotor lift beyond the test values, thus increasing the penetration
of the stall region. The resulis, Figure 56, show that the oscillation
can be induced in this manner, although the instability is limited to the
region beyond 270 deg. This characteristic is similar to that obtained
in the sensitivity study and again substantiates the requirement for

unsteady aesrodynamics.

Upon noting a lack of correlation with constant inflow, all cases
vers rerun vith variable inflov. (The variable inflow program has pre-
viously been referred to as the Circulation Program.) Results were ex-
enined and no significant change in the character of the response was

" exhibited. A typical comparison of constant and variable inflow results
is shown in Figure U43.

The presence of wings and auxiliary propulsion implies rotor-
wing interference and smell values of shaft angle. Rotor-wing interference
corrections were not attempted in the initial correlation studies dis-
cussed above. At the small shaft angles characteristic of compound
operation, the rotor wake passes close to the disc. In such cases, the
varisble inflow program's accuracy, and thus the resulting airload distri-
bution, is somewhat degraded.

In an attempt to improve the correlation between predicted and
measured airloads for the S-61F, a combined analytical and empirical method
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vas used to modify the rotor inflow. The original S-61F correlation cases
were run with constant inflow. Four of these cases were rerun with vari-
able inflow, using the same inflow aralysis as in the sensitivity studies.
The airload distributions resulting from these cases were analyzed, and a
further modification to inflow was made i) an effort to match the test
airloads. The modification was based on the effect of wing lift on rotor
inflow. The inflow due to the wing causes a downflow over the rear half
of the rotor disc and a smaller upflow over the front half. This inflow
variation was approximated at each blade radial station by an azimuthali
inflow distribution consisting of a constant and one- and two-per-rev
cosine terms. Relative amplitudes were 1:8:4 for the steady, one-per-rev,
and two-per-rev coefficients. All three terms have maximum values over
the tail of the aircraft. The sum, which is the total increment on rotor
inflow at azimuth zero, was chosen to provide a sufficiently large change
in blade angle of attack to make the analytical airioads agr»e with the
measured &irloads at the tail. This modification in inflow was added to
the previously calculated variable inflow distribution. For Case U3,

this approach had to be modified. For this flight condition, the rotor
wake, a8 given by the variable inflow analysis, remsined very close to

the rotor plane. This calculated inflow gave large distortions in rotor
loads. More accurate airioads were found by using the modification method
vith *he constant inflow case as the base. The only harmories of inflow
used for this case were the one- and two~par-rev components required to
improve airloads at the tail.

As shown ia Figures U8 through 51, this procedure did improve the
airload correlation. The change in biade flapping resulting from the
inflew modification washed out part of the change in angle of attack so
rotor loads at the tail did not correlate exactly. The airloads in the
region of azimuth 90 deg (over the right wing) did not show much improve-
ment in correlation. The reason is probably the local complexity in
inflow due to the proximity of the wakes of the preceding blades for a
compound aircraft. The variable inflow analysis used does not consider
wake distortions which result frem wake interaction. Thus, the true
location of the blade wake near azimuth 90 deg is not given in the analysis.
This is why Case 43 could not be used with variable inflow. Research is
under way at United Aircraft for the development of a program which does
yield wake distortions. This will permit a more accurate description of
airloads.

The cases run with modified airloads showed a slight increase in
the oscillatory push rod loads but did not improve correlation signif-
icantly. Results are shown in Figures 52 through 55.

Additional Investigation of the Stall Flutter Mechanism

In reviewing the results of the Sensitivity, Parametric, and Cor-
relation Studies, a number of facts indicate the need for a further in-
vestigation of the stall flutter mechanism. The stall-flutter-type
oscillation was achieved in the Sensitivity Study, substantiating the
theory that unsteady aerodynamics are necessary for stall flutter prediction.
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However, the azimuthal persistence of the oscillation is significantly
less than that exhibited by test. It was determined that the use of
unsteady aerodynamic data tends to reduce angles of attack for the same
1irt, thus reducing the penetration of the stall region and, consequently,
control loads. This phenomenon is exhibited in the Correlation Study,
where an increase in rotor lift to levels above test was needed in order
to initiate the oscillation. An attempt to modify the analytically de-
veloped airload distribution, using measured sirloads, resulted in no
significant improvement in the correlation. Because of the self-excited
oscillations observed in the parametric studies, it was concluded that the
genersl analytical approach can lead to a valid prediction method.
However, the lack of substantial aerodynamic excitation, with unsieady
eerodynamics only, implies the possibility of additional effects that
caouse the lack of correlation. The following discussion reviews the
results of additional studies into the stall flutter mechanism.

A major consideration is the inability of the analysis to initiate
the oscillation prior to azimuth 270 deg. The character of the push-rod
lcad oscillation is somewhat different from that measured in flight. The
flight test oscillations begin earlier in the rotor disc, before azimuth
180 deg rather than in the vicinity of azimuth 270 deg.

Since the blade is not in stall on the advancing half of the rotor
disc, some other mechanism appears to contribute to the push-rod load
oscillation. Torsional moments at the blade root can be generated by the
coupling of flatwise and edgewise response. For example, among the com-
ponentg of torsional moments reacted at tne push rods are those produced
by the product of blade lift and edgewise blade displacement due to bending
and by the product of drag load and flatwise displacement. These products
are referred to as load-deflection terms. A direct determination of the
imporcance of such terms could not be made from flight test data, since
blade deflections were not measured directly. However, blade bending
moments are a measure of both loading on the biade and the deflection of
the blade. A product of the flatwise and edgewise bending moments at &
point on the blade serves as an indicator of the significance of the load-
deflection terms. If the azimuthal variation of this moment product cor-
relates with the push~rod load azimuthel variation, the load-deflection
effects may be significant. Figure 57 shows a typical correlation of these
terms. Relative magnitudes have no importance in this figure since the
units of the two curves differ and are therefore not indicated. However,
it is significant that the maxima and minimu of the moment product
consistently lead (by a small phase angle) the maxima and minima of the
push-rod load curve. In the region from 270 deg to 360 deg the moment
product has a small value, but the push-rod load oscillation increases in
amplitude. It is precisely in this region that stall flutter oscillations
were predicted by the analyses. This pattern was found consistently for
the flight conditions examined.

This correlation of moment product and push-rod loads suggests that
the oscillations of the S-61F push-rod loads are initiated before the blade
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reaches the stell region by a combination of flatwise and edgewise response
of the blade, &nd that the stall flutter mechanism further aumplifies the

s N

push-rod icads on the retreating half of the rotor disc.

As part of the evaluation of the correlation, Case 43 was rerun
using steady-state aerodynamics. Blade pitch and aircraft attitude were
held the same as in the unsteady aerodynamic analysis. A comparison of
the two cases provides some insight into the reasons for lack of correla-
tion of push-rod loads (Figures 58 through 60;. As compared with steady
aerodynamic results, the inclusion of the unsteady aerodynamic terms results
in greater rotor lift, but generally lower flaiwise and edgewise vibratory
blade stresses. The smaller locad-deflection terms, which result from the
lower stresses, 4o not contribute as much to the blade torsional response
as the larger load-deflection terms found in the steady-state case.

This difference is evident in Figure 58, which shows the push-rod
moment for both the steady and unstesdy asrodymemie anulyses. The use of
steady aerodynemics does produce a small oscillsting push-rod moment on
the retreating half of the disc, while no such oscillation is evident with
the unsteady aerodynamic anelysis. It was shown in the Sensitivity Studies
that unsteady aerodynamics in st=23i will induce flutter. That no such
stall flutter occurrzd with unsteady asrodynamics in Case L3 as attributable
to the lov angle of attack on the retreating blade, so that the unstable
region was not sufficiently penetrated to cause flutter. The previously
mentioned load-deflection terms were unable to act as the oscillaiing
mechanism here because of their small size, although they had done so in
the steady-state aerodynamics case, where they were larger. One mey then
wvonder why the presence of unsteady aerodynamics only wvas sufficient for
flutter in Figure 28, regardless of the effects of the load-deflection
terms. The answer would appear to lie in the higher torsional freguency
used there, which seems to desensitize the rotor torsional responre to
load-ceflection terms. Figures 65 and 66 show the flatwise and edgewise
stress correlations at 65 percent and 46 percent of the rotor racius, re-
spectively. Prediction of these stresses was better with the steady-state
aerodynamics.

Good correlation of flatwise and edgewise blade stresses apparently
is essential for good correlation of push-rod loads. However, evin when
blade bending stresses are fairly well predicted, as in the steady cero-
dynamic case, scmething more is reeded for push-rod load correlations.

From the Parametric Studies and from the S-61F cases in which collective
pitch was incremented, it is evident that the use of unsteady aerodynamics
can produce large stall-flutter-induced push-rod moments. This effect needs
to be combined with an accurate prediction of flatwise and edgewise moments
to provide the mechanism for initiating the oscillation before the tlade
reaches the stall region.

It is not evilent at present that changes neesd to be made. It is
possible that the present unsteady aerodynamic analysis can lead to correct
results if rotor trim and rctor inflow variations are considered further.
For example, the poor correlation of blade stress in certain azimuthal
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regions suggests that locei effocts such e&s wexe distoriioms, radial flow,
or airframe-roicr iilerference can be most important. Possibly, a cheser
is needed in the wsy in which the unsteady serodmamic terne are uexd.
Tvis mey include the incorpsration of unsteady drag effects or a modifica-
tice in the present method for deteraining blade 1lift and pitching moments.

The resiults of the S-61F correlation s%ow that the analytical
spproach being used is generelly valid, Contiaued investigation of ths
arsa of rotor trim and the characteristics <f the unsteady serodypamics
of cwcillatirg airfoils should lesd to ar accurate analysis for the predic-
tica of push-rod loads. The continuing effort should include tests of a
tvo-dimensional airfoil executing forced pure sinwsoidul mction, forced
miltiharsonic motion, and self-excited stall flutier. These tests would
be designed so gs to examine the walidity of a basic assumption made in
this investigation; namely, that usstesdy zerodynamic data for pure sinus-
oidal pitch moticns can, in fact; he used to predict the unsteady char-
acteristics of an airfoil executing muitiharmonic pitch motions inte stall.
In ad<éition, the tests vouid provide detailed stal) filutter informaiion or
a simple model, thereby permitting a wmore direct evaluation of the stall
flutter prediction anslysis.

R PTTY Y YCp—Y

Additional sensitivity studies should be undertaken with the anaiyti-

cal method developed in the present program. The objective of these studies
ghould be to determine if the unsteady moment dats of Table II can he

' modified 80 as to reduce the discrepancies noted without destroyiug the
basic ability of ithe tabulation to reproduce the general features of the
origiral sinusoidal data from which it was derived. The possibility of
developing semiempirical modifications to the compressibility ccaling tech-
niques used herein should also be examined. Satisfactory accomplishment of
this objective would provide a stall flutter analysis that can be used as
an interim design tool vwhile more fundamental, long-range investigations of
unsteady aerodynamic methods are pursued.

MANEUVERING FLIGHT TEST CORRELATION - CH-53A

The CH-53A flight test program for structural substantiation produced
maneuvering flight data under conditions that had produced not only stall
flutter of the previously observed form, but also cases in which the stall
flutter oscillations persisted over much larger portions of the azimuth.

Two cases of CH-53A maneuvers were selected for correlation. &
short transient of about 6 sec duration, involving a right turn at a
nominal 120-kt speed and an angle of bank of approximately 60 deg, was the
first case examined because it could be considered to be a quasi-steady
maneuver for most of its length; <that is, although it was accelerated
flight, the accelerations and angular accelerations were close to constant,
and there was little variation in the cyeclic and collective pitch values.
This made it an ideal choice for initial correlation of the accelerated
flight provisions of the analysis, as well as being a test point in which
stall flutter was observed. The last 2 sec of this flight test point
involved a small (approximstely 3 to 5 deg) increase in roll angle,
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vhick vas accaxpanied 4y severe vibrations on all chaaxels of data asd
sxtiemely bigzh control ioad smplitudes. However, the data rontrined too
mich noise or ribretions to be easily umed. It was therefore decided to
stteupt correlation up te the 1ﬁ1t13§§gp cf the noise. 3
The 3eronl wRaeuvel exwiined vas a ionger truazient of srprovisstely
23 sec invalvigg A soajnal 150-kt right turn. The wngle ¢f bank for
this point varied from inder 30 deg at the start %o approximately 60 deg,
followed by a roilout back to level flight. The more coaplex form of this
maneuver served tn provide an opportunity for obgerving the effecte of &
chapging load factor on the observed stall flutter ard Oa the accelerated
¥iight provizions of the analysis.

Hachemstical Model

Ae ir the Sensitivity aad Parametric Studies, the modes used were
tvo rigid-body degrees of freedom (flep and lag) and three tlatwise, two
edgevise, and two torsicnal vibratory medes.

The CH-538% flight test aircraft carried a large aumber of acceler-
ometera, velocity pickups, and inclinometers at various locations. After
suppression of the locel vibratioc componentes of the signals and other
corrections, these dats were processed to previde 16 time histories of
xotion components in ar axiz system affixed to the rotor hub. These time
histories represented 6 degreas of freedom of aircraft motion, their
necessary time derivatives, and histories of control angles.

The maneuver option of the progrem wns uged for the %ime histories
Just mentioned; that is, Tuselage moticns were prescribed along vith time
nistories of pilot hand motions on tbe ¢ycliz and collective controls. The
rotor traunsient response was exsmined, rather than allowing it %o die away
tc steady state as in other zections of this report.

As in the S-61F cases, fligit-test-reported cyclic pitch wvas accepted,

and no ettempt to trim head moments was made, ¥While the head moments of
the S-61F were measured, those on the C#-53A were uninown.

The CH-53A had carried no instrumentation to measure rotor 1ift.
Load factor was availaple cither from rmeasured aircraft weight and motions
or from a highly damped vertical accelercmeter that actad as s load factor

readout. Although the motion and load factor data were in general agreement,

small differences, especisally at the higher load factors, caused scme un-
certainty in rotor lifi. With an assumed correction for fuselage vertical
drag, the rotor lift was calculated in a band thst varied from * 3000 %o

* 6000 1b about the mean value used for correlation. This represented a
band of about %8 percent in rotor lift.

Flight-test-reported collective pitch and shaft angle did not produce

an analytic lift near the calculated experimental rotor lift. 'Therefore,
collective pitch was adjusted until rotor lift near the initiation of
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the maneuvers equaled the test 1if't as dstermired from gross weicnt, load
factor, and estimate? fussiage wvertical drag. Once this was accomplished,
the collective pitch wvas vrried with tioe in a oearner pearslieling that

of flight test; thet i3, %> value of collective pitch veported by fiight
test at the instant of time in whick lift vasx matched wvas not ysed, but the
departures from this reference point were foilowed axactly.

Only constant inflow wvas used in the maneuvering cases, as the
present variable inflw program is not applicable when the wvorticity pat-
tern is time wvarying. Althcugh the inflow was held constant ¢ver the disc,
it wos time wvarying. On the basis of the time history of required rotor
1irt, itself generat:d from the Jcad factor and an assumption eoncerning
Yody vertical drag, a pomentum value of inflow was computed.

Discussion of CH-53A Correlation

As in the S-61F study, the degree of correlation was less than
sstisfactory. However, good correlaticn was achieved in portions of the
maneuvers, providing sdde confidence in the anaiysis. FPigures 61, 63, and
6k show the variation in % pesuk-to-pesk push-rod moment and rotor lift with
time in the two transients. In the short (120-kt) transient, Figure 61,
the analytical rotor lift was adjusted in an attempt to match test values,
which are shown as e troad band because of the uncertainty of the fuselage
vertical drag load. Collective pitch and rotor shaft angle were varied in
an atiempt to achieve the lift calculated to have been present in flight.
The lifts shown are predominantly below the flight test band.

Becezuse the analysis was unable to generate 1ifts higher than those
shormi, it i3 probable that the blade is heavily stalled over much of the
azimuth and has penetrated deeply intn, or possibly through, the region of
negative damping. However, the fact that the analytical lift is lower than
the flight 1ift would imply that the analytical load-deflection terms would
be reduced. 8izce the 1/2 peak-to-peak push-rod moment is higher for
analycis then for test in this case (Figure 61), it can be inferred that the
wnsteady aerodyramic effects predaminate. The amplitude of this moment is
largely the result of stall-flutter-type oscillations whose character is
fairly similar to that of flight test, as can be seen in the plot of a
representative revolution, Figure 62.

The attempt to match calculated flight lift for the longer (150-kt)
transient {Figure 63) was less successful., Although the correct lift was
generated in revolutions 10 through 20 (the area selected for trim), the
remaining portions of the ‘rtce show sizable disagreements. However, the
% peak-to-peak moment trace (Figure 6l4) is more encoureging, showing trends
gimilar to flight teot, with varying degrees of amplitude correlation.

At the peak valuer (revolutions 40 to 50), the analytical amplitude is
below that of flight test, whereas the opposite is true earlier in the
maneuver,

In revolution 20 (Figure 65), stall flutter oscillations that corre-
late well with flight test can be observed. The discrepancies, which
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account for the higher pesk-to-peak smplitude, are oz the advancing side
of the disc. They seem t¢ reflect siiwer damping out of the cycillation
then occurs inm flight test. On the cthar hand, revolution &1 (Figure 66)
shows the correct smplitude but withcat .he oscillation. This revoluticn
occurs ismediately sfter tiie drop in lift observed in Pigure 63. Such a
drop would indicate both & lowered angle of sttack and smaller load-deflec-~
tion terms. Thus, absence of oscillatior on this vracz i{s not surprising.
The cavze of this reduction in lift has not been established.

In general, ths meneuvering flight correlations esphasize the same
factors as the S~61F correlation. To correlate, ans needs both unsteady
eserodynamjes ir the stalled region ard proper load-deflection terms
to inftiate oscillations prior to stall. Iz addition, the trend of the
% peak-to-peak moments in Figure 6b is encoursging and tends to provide
confidence in th: mageuver modificetions. The veascns for the lift dis-
crepancies (Figures 61 snd 63) are not clear, but the discrepancies seem
to be connected with the constant inflow time histories used.
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CANCLUS IS AND RECQMMENDATICRS

CONCLUSIGNS

The concluriops listed below were reached in the course of this study.
Note that conclusicns 6 through 10 should be epplied only in the determina-~
tion of possible trends. Further validation of these trends must await
analytical improvements leading to a higher degree of correiation of the
analysis with flight test data.

1. Incompressible unsteady aerodynamic ormal force and moment
characteristics generated by an NACA X012 afrfoil executing pure sinusoidal
pitch motiors into stall can be expressed with reasonable accuracy as
functions of instantaneous angle of attack, angular veiocity, and angular
acceleration (see, for example, Figures 9 through 16).

2. Application-of unsteady data in the form described in (1) above
to compute rotor blade response at an advance ratio of 0.4 leads to the
prediction of significant self-excited torsional oscillations of the stall
flutter type. These oszillations, which cccurred above a rotor 1lift
coefficient /solidity ratio of about 0.065, directly impose large nscillatory
moments on ‘the control system.

3. The analysis presented in this report predicted stall-flutter-
induced oscillations of the NH-3A (S-61F) push-rod loads initiating only
at 1ifts greater than those at which oscillations were observed in flight.

4. Accurate correlation of flatwise and edgewise blade response is
essential, since this response appears to contribute significantly to the
NH-3A oscillatory push-rod loads, with unsteady aerodynamics serving to
amplify such oscillations in the stalled flow region. However, replacement
of steady-state aerodynamics with unsteady aerodynamics adversely affected
correlation of flatwise and edgewise blade stress correlation for the NH-3A.

5. Anelysis of the CH-53A maneuver cases supports the NH-3A con-
clusions that both unsteady aerodynamics and good flatwise and edgevise
response predictions are needed to predict control loads adequately. 1In
addition, correlation of control loads during the maneuvers was more
encouraging than in steady flight.

6. For the flight conditions investigated in the Parametric Studies,
reducing the natural frequency of the first torsional mode from 8.2P to 4P
reduced the amplitude of the self-excited torsional oscillations at a given
rotor 1lift because of the slower response of the 4P blade.
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7. Movement of the bladc center-of-gravity axis aft (from 25 percent
to ¥ perient chord) had . severe detrimental effect om blade torsional
response and azsociated oscillatory moments. Thés 13 primarily due to the
destabiliring dynamic coupling between the blade flapping and flatwise
berding modes and the torsionmal mode. The effect of aft center of gravity
on the se2lf-excited uoment components was small but generally detrimental.

3. Increasing Llade twist reduced the self-excited moment oscilla~-
tions at a given 1if%{ when rotor inflov was assumed to be constant.

9. Except for reducing significantly the beneficial effects of
increased twist noted in (3) above, the inclusion of varisble inflow effects
had little eifect on the general neture of the results obtainad.

10. At comnditions where retreating blede argles cf attack exceeded
steady-state stall values, significanily higher rotor 1ifts were predicted
using unsteady zorodynemic data than vere predicted uging steady-state
aergdynamic data.

RECOMMENDATIONS

At the present time, it is difficult o establish the reasom(s) for
the discrepancies noted betw -:a analytical and experimental resuvits,
principally tecause of the cawplexity of the experimeptal model used in the
comparison - a full-scale helicopter. Achievement of good correlatiom in
such circumstances requires that (1) detailed, accurate flight test data be
availsble, (2) all facets of the aeroelastic analysis be eccurate (inflow,
applicacility of sinusoidal unsteady data, use of compressibiiity scaling,
etc.),and {3) factors neglected in the analysis such as radial flow, wake
geometry distortions, etc., be, in fact, negligible. Many approaches could
be followed in attempting to resolve the problem. ©One could, for
example, eliminate the need for compressibility scaling assumptions by
acquiring additional sinusoidal unsteady data at higher Mach numbers. It
is believed, however, that this approach may be premature and that the two
investigations recommended below represent the most logical next steps in
the study of stall-flutter-induced control lcads.

1. An experimental study should be undertaken, using a two-
dimensional airfoil as a model, to examine the validity of an assumption
that forms the basis for nearly all rotor dynamic stall analyses; namely,
that unsteady aerodynamic data obtained for an airfoil executing sinusoidal
motion can be used to predict the characteristics of an airfoil executing

nonsinusoidal motions into stall. Conclusions from such a study would have
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far-reaching effects on the course of future unsteady acrodynsmic testing
as 2pplied to helicopter rotors. .

2. An analytical study should be vonducted to determine if the
quantitative azcuracy of the method described in this report can be
improved to permit its us« as-an interim design tocl vhile more fundamental,
longer range studies of the type-noted above are pursueé. In this stuly
cotisideraticn should be given to possible semiespirical modifizetions to
the basic unsteady data tabulation and associated compressibility scaling
procedures. In addition, the effect of possible refinements in rotor
trimming and inflov modeling techniques on blade bending stress correlatinn
should be examired.
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Approximation of Typical Unsteady Normal Force Curve.
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PITCHING MOMENT COEFFICIENT, ¢,

ARROW ON LOOP SHOWS DIRECTION GF INCREASING TIME

A<D
IS MAX
8=0
A=0
8<0
1S MAX
! —
! a
A=0
8>0
1S MAX
A>0
IS MAX
B=0
- @ ,l 7 _1!
= o -
ANGLE OF ATTACK
Figure 67. Moment Hysteresis Loop Schematic.
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Figure 68. Typical Variation of Pitching Moment Coefficient With Frequency
for Mean Angle Below Steady-State Stall Angle.
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Figure 69. Typical Variation of Pitching Moment Coefficient With Frequency
for Mean Angle Above Steady-State Stall Angle.
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°® For each @, U

® Choose a value of a
Y Chcose a value of B
—- Select ana, such that Iq— agl s a

° Each @\, determines a value of f from Eq. (38)
and A from Eq. (39)

o Enter appropriate cross plot of Cpvs f, read
Crat calculated value of f

® Plot Cpvs calculated value of A

—e Return for new value of Qy
s, J Return for new value of B
e @ Return for new value of a

Figure 70. Flow Chart for Data Conversion to @, A, and B Form,
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Figure 71. Typical Variation of Pitching Moment Coefficient With Angular
Velocity Parameter and Comparison With Theory.
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TABLE I. TABULATION OF UNSTEADY BORMAL FORCE COEFFICIENT C, FOR M = O

@ = O DEGREES
B A=-.0b -.025 -.01 0 .01 .025 .0l
-.01 -.28 -.26 -.20 -.15 .10 -.0k .05
-.00k4 -.20 -.17 -.13 -.09 .07 -.03 .08
-.001 -.15 ~.08 .01 -.0k .02 0.0 .13
(o] -.16 -.04 .05 0.0 .06 .04 .16
.001 -.13 -.05 .02 .0l .02 .08 .15
.00k -.08 .0k .07 .09 .13 .16 .20
201 -.06 Ol .10 .16 22 27 27
a = 6 DEGREES
B Aw- .04 -.025 -.01 0 .01 .025 .0k
-.01 .34 .34 .38 .40 45 .55 67
-.004 .40 Ay k9 .50 .49 .57 .68
-.001 43 .51 .60 .59 .56 .62 ST
0 Al .54 .63 .63 .59 .66 .78
.00 L6 53 .6k .64 .60 .67 .80
.00k A7 .52 .58 .56 .62 .70 .82
.01 .Sk 62 .5k 56 6L .73 .85
a = 8 DEGREES
B A =-.04 -.025 -.01 0 .01 .025 .0k
-.01 .Sk .54 .58 .60 .6l .75 .86
-.004 .62 .65 .69 .70 .T1 .79 .88
-.001 .62 .68 .78 .80 .79 .83 .93
0 .64 .66 81 .84 .80 .86 .96
.001 .64 .65 .79 .84 .81 .87 .98
.00k .6l .66 T .69 .76 .87 1.01
.01 .68 .70 .65 .67 713 .82 1.00
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TABLE I - CORTINUED

@ = 9 DEGREES

B A=-.0Ok -.025 -.01 0 .01 .025 .0l
-.01 .65 .65 .69 .71 .75 .85 .96
-.00k4 .72 .75 .79 .80 .82 .8 .98
-.001 .72 .75 .84 .98 .90 .93 1.03
0 e (" .70 .87 .93 91 .95 1.09
.001 .13 .69 .84 .93 91 .96 1.06
004 .71 .71 .75 T4 .83 -96 1.1
.01 LTh T .68 .72 .78 .86 1.06

@ = 10 DEGREES

B A=-.04 -.025 -.01 0 .01 .025 .0l
-.01 .75 .75 .80 .81 .85 .95 1.05.
-.00L .83 .85 .88 .90 .93 1. 1.07
-.001 .82 .80 .86 .97 1.01 1.03 1.11
0 .81 .76 .86 1.02 1.02 1.04 1.1k
.001 .80 .71 .73 1.00 1.00 1.06 1.1h
.00k e .13 13 17 .88 1.02 1.18
.01 .78 .68 .71 .75 .81 .88 1.11

@ = 11 DEGREES

B A=-.Ck -.025 -.01 c .01 .025 .ol
-.01 .85 .86 .91 .93 .96 1.05 1.1h4
-.00L .93 .95 .98 1.00 1.06 1.10 1.17
-.001 .92 .86 .92 1.05 1.11 1.12 1.20

.8 .79 .84 1.08 1.12 1.12 1.21

.001 .86 .72 .80 1.02 1.10 1.1k 1.21
.00k 16 T .70 .80 .93 1.08 1.23
1.14

.01 .80 .67 T2 .19 .84 .91
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TABLE I— CONTINUED

a = 12 DEGREES

B A=-.04 -.025 -.01 0 .01 .025 .04
-.01 .95 .96 1.01 1.03 1.06 1.14 1.23
- .004 1.03 1.06 1.08 1.10 1.17 1.2¢ 1.27
-.001 1.00 .90 .94 1.12 1.22 .21 1.27
(o] .95 .80 .80 1.12 1.24 1.21 1.29
001 .91 .72 .73 1.02 1.19 1.22 1.27
.004 17 .68 .65 .81 .97 1.13 1.26
.01 .81 .67 .72 .80 .86 .93 1.17

a = 13 DEGREES

B A=- .0k -.025 -.01 0 .01, .025 .04
-.01 1.05 1.06 1.1 1.13 1.16 1.2k 1.31
-.00k 1.14 1.15 1.18 1.20 1.28 1.30 1.35
-.001 1.08 .92 .95 1.17 1.32 1.29 1.34
0 1.00 .80 .T6 1.12 1.33 1.28 1.34
.001 .9k .71 .66 1.01 1.26 1.28 1.32
.00k4 17 .6l .61 .81 1.01 1.1%5 1.26
.01 .82 .68 .13 .82 .88 .96 1.19

a = 14 DEGREES

B A=-.04 -.025 -.01 0 .01 .025 .04
-.01 1.15 1.17 1.21 1.24 1.26 1.32 1.%0
-.004 1.24 1.26 1.28 1.30 1.38 1.39 1.44
-.001 1.14 .93 .96 1.22 1.41 1.36 1.4
0 1.04 .78 LTh 1.12 1.41 1.35 1.39
.ggt .96 .70 .61 1.00 1.32 1.34 1.37
. .16 .59 .59 .81 1.04 1.20 1.26
.01 .82 .68 .73 .84 .90 .98 1.21
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TABLE I - CONTINUED

@ = 15 DEGREES
B A=-.0k4 -.025 -.01 0 .01l *.025 O
-.Cl 1.26 1.28 1.31 1.34 1.36 1.40 1.48
- .00k 1.33 1.35 1.38 1.0 1.48 1.48° 1.52
-.00:. 1.18 .92 .96 1.25 1.49 1.44 1:46
¢ 1.08 .76 .71 1.11 1.48 1.40 1.43
.001 .96 .68 .60 1.00 1.38 1.39 1.hko
.00k .76 .57 .59 .82 1.07 1.22 1.25
.01 .81 .69 .Th .86 .92 1.01 1.23

a = 16 DEGREES
B A=-.04 -.025 -.01 0 .01 .025 .Oh
-.01 1.36 1.38 1.k 1.4y 1.46 1.49 1.56
-.004 1.40 1.43 1.46 1.50 1.58  1.57 1.60
-.001 1.19 .91 .96 1.28 1.57 1.50 1.51
0 1.08 .75 .69 1.10 1.53 1.46 1.46
.001 .95 .65 .60 1.00 1.43 i.43 1.43
.00k .75 .56 .62 .83 1.09 1.2k4 1.23
.01 .80 .70 .76 .88 .94 1.04 1.24

a@ = 17 DEGREES
B A=-.0k -.025 -.01 0 0L .025 .0k
-.01 1.46 1.48 1.51 1.54 1.56 1.56 1.64
-.004 1.39 1.49 1.53 1.58 1.66 1.66 1.67
-.001 1.15 .90 .G6 1.28 1.62 1.57 1.55
0 1.04 Th .70 1.10 1.58 1.53 1.50
.001 .93 .64 .62 1.00 1.46 1.47 1.4k
.004 R 5T .65 86 1.11 1.25 1.20
.01 .78 ol 7 .91 .96 1.08 1.25
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TABLE I ~ CONTINUED

a = 18 DEGREES
B As=-.O4 -.025 -.01 0 .01 .025 .0k
-.01 1.9 1.9 1.61 1.64 1.66 1.66 . 1.71
-.00k 1.35 1.47 1.58 1.6k 1.74 1.74 1.74
-.001 1.08 .59 .95 1.27 1.66 1.6% 1.60
o - 1.00 .75 .70 1.10 1.60 1.60 1.54
.00% .90 .64 .65 1.00 1.47 1.54 1.47
.00k .13 .60 .68 .88 1.13 1.27 1.22
.01 .76 .72 .79 .93 99 1.12 1.26

G = 20 DEGREES
B Ama Ol -.025 -, 0l 0 .01 .025 .0l
-.01 1.77 1.79 1.80 1.84 1.86 1.8 1.87
-.004 1.17 1.25 1.5 1.71 1.87 1.93 1.91
-.001 .90 .84 .93 1.21 1.70 1.8 1.75
0 .8l .13 .75 1.08 1.61 1.73 1.67
.001 .83 .66 .71 1.00 1.47 1.64 1.59
.00k .72 .68 .76 .92 1.16 1.33 1.41
.01 S .72 R B4 .99 1.06 1.21 1.31

1 = «2 DEGREES
B A=-.04 -.025 «.Cs 0 .01 .025 .04
-.01 1.91 1.95 1.99 2.02 2.06 2.05 2.07
-.00L 1.07 1.08 1.h7 1.70 1.95 2.13 2.12
i=. 001 .82 .78 .92 1.16 1.71 1.98 1.98
0 .78 .72 .79 1.07 1.98 1.85 1.91
.001 - .76 .70 .79 1.02 1.42 1.72 1.84
00 .72 15 .85 .99 1.18 1.38 1.61
.01 712 .81 .92 1.04 1.14 1.31 1.5
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TAELE I-CONCLUDED

a = 24 DEGREES

B A=-.0k -.025 -.01 0 .01 .025 .Ob
-.01 1.85 1.99 2.16 2.20 2.23 2.28 2.25
-.00k 1.05 1.05 1.35 1.60 1.96 2.27 2.27
-.001 .86 .80 .91 1.15 1.58 1.95 2.10
0 .83 .78 .84 1.08 1.44 1.84 2.04
.001 .78 .76 .85 1.05 1.35 1.69 1.95
.00k .Th .81 .9k 1.04 1.20 1.40 21.68
.01 .76 .93 1.05 1.09 1.25 1.37 1.50

a = 26 DEGREES

B A= .04 -.025 -.01 0 .01 .025 .04
-.01 1.67 1.8 2.02 2.14 2.21 2.34 2.35
-.00k4 1.06 1.07 1.22 1.42 1.83 2.17 2.32
-.001 .90 87 .9k 1.19 1.18 1.79 2.01
0 .86 .85 .90 1.14 1.40 1.64 1.84
.001 .82 .82 .91 1.11 1.34 1.54 1.68
.00k .TE .85 .99 1.06 1.20 1.35 1.52
.01 .84 .96 1.02 1.07 1.22 1.33 1.56

a = 27 DEGREES

B A=-.04 -.025 -.01 0 .01 .025 .0l
-.01 1.55 .98 1.69 1.88 2.07 2.30 2.38
-.00k4 1.06 1.09 1.18 1.36 1.70 2.03 2.31
-.001 .92 .91 .98 1.22 1.47 1.72 1.91
0 .86 .88 .Gk 1.18 1.42 1.97 1.75
.001 .85 .89 .94 1.1k 1.36 1.49 1.63
.004 .79 .85 .96 1.03 1.19 1.29 1.46
.01 .89 .90 .95 1.04 1.14 1.27 1.59
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TABLE II.

COEFFICIENT Cm,,, FOR M = 0

TABULATION OF UNSTEADY PITCHING MQMENT

a = O THROUGH 6 DEGREES

B A=-.0L -.025 -.01 0 .03 .025 et
~.01 .069 .OlsS .022 .006 -.010 -.033 -.057
-. 067 .043 .020 .004 -.012 -.035 -.059
~ .00k .065 .02 .018 .002 -,013 -.037 -.061
~.00L .063 .0lko .016 .001 -.015 -.039 -.062
o) .063 .039 .016 0.0 -.016 -.039 -.063
.00 062 .039 .015 -.001 -6  -.040 -.063
.00k .061 .037 013 -.002 -.018 -.ok2 - .065
.007 .099 .035 .012 - .00k -.020 -.043 -.067
.01 057 .033 .010 - .00F -.022 -.0k45 -.069

a = 7 DEGREES

B A=-.0k -.025 -.01 0 .01 .025 .0l
-.01 .066 .03 .020 .003 -.013 -.035 -.058
- .007 064 .00 .016 .001 -.013 -.038 -.062
-~ .00k .057 .035 .015 0.0 -.015 -.039  -.065
- .001 .056 .033 .010 -.00z -.018 -.043 -.065
D .050 .031 .011 0.0 -.015 -0kl - .067
.001 .050 .030 .01C -.003 -.018 -.0k6 -.06€
004 .035 .020 .010 -.00L -.020 -.0bl -.067
.007 .016 .013 .007 -.008 -.023 -.051 -.0Th
.0l -.010 -.002 0. -.00% -.025 -.050 -.076

a = 8 DEGREES

B =-.04 -.025 -.01 o .01 .025 Kot
.01 .059 .olko .016 0.0 -.015 -.040 -.061
- .00T .056 .03h .010 -.002 -.01% -.043 -.065
- .00k .0k5 .025 .010 -.005% -.017 -.0l43 -.067
- .001 .0ls5 .024 0.0 -.005 -.021 - .0kt -.068
D .031 .020 6.0 0.0 -.016 -.0Ls5 -.071
001 .028 .010 0.0 -.007 -.024 -.050 -.070
Kolo't -.010 -.016 .007 -.006 -.020 -.056 -.070
LO0T -.015 -.007 0.0 -.010 -.023 -.054 -.07k

o1 -.030 -.025 -.010 -.012 -.028 -.052 -.080
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TABLE II — CONTINUED

a = 9 DEGREES
B =-.0k -.025 ~.01 c .0l .025 .0l
-.01 .08 .035 .010 -.003 -.018 -.0ls -.067
-.007 olk4 .026 .006 -.007 -.020 -.047 -.0T1
-.00k .038 .020 .005 -.011 -.021 -.048 -.073
-.001 .035 .015 -.005 -.012 -.024 -.050 -.07h
0 .020 .007 -.005 0.0 -.016 -.049 -.076
.001 .013 -.025 -.005 -.012 -.034 -.055. -.0Th
.004 -.028 -.027 0.0 -.009 -.020 -.049 -.0Th
7 -.03% -.030 -.007 -.011 -.024 -.05% -.0Th
.01 -.054 -.044 -.021 -.018 -.029 -.053 -.080
@ = 10 DEGREES
B A=-.0k4 -.025 -.01 0 .0l .025 .0l
-.01 .039 .029 .00k -.007 -.024 -.0k9 -.073
-.007 .033 .023 .002 -.011 -.024 -.050 -.075
-.004 .035 .016 0.0 -.016 -.027 -.053 -.07T7
-.001 .025 .Cl10 -.009 -.017 -.027 -.054 -.080
0 .005 -.004 -.015 0.0 -.017 -.0k9 -.081
.001 .016 -.0k0 0.0 -.020 -.041 -.057 -.081
.00k -.0L47 -.035 -.002 -.010 -.020 -.050 -.076
.007 -.054 -.045 -.015 -.010 -.025 -.053 -.075
.01 -.075 -.050 -.03 -.025 -.028 -.052 -.073
@ = 11 DEGREES
B A=-.0k4 -.025 -.01 0 .01 .025 .ol
-.01 .033 .023 -.001 -.012 -.027 -.053 -.077
-.007 .036 .021 .001 -.014 -.027 -.053 -.077
-.00k .032 .015 -.003 -.018 -.032 -.055 -.080
-.001 .010 .002 -.012 -.020 -.030 -.056 -.084
0 -.020 -.0l4 -.025 0.0 -.020 -.05% -.087
.001 -.005 -.035 0.0 -.023 -.0kL -.0T1 -.086
.00k -.070 -.040 -.C05 -.010 -.020 -.050 -.078
.007 -.078 -.053 -.025 -.022 0.025 -.052 -.075
.01 -.082 -.072 -.050 -.035 -.027 -.048 -.078
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a = 12 DEGREES
B A=-.04 -.025 -.01 0 .01 .025 Ok
-.01 .031 .016 -.003 -.015 .030 -.054 -.080
-.00T .035 .020 0.0 -.015 .030 -.055 -.080
- .00% .030 015 -.005 -.020 .035 -.057 -.083
-.001 -.008 -.010 -.013 -.022 .031 -.058 -.085
0 -.0ho -.028 -.033 0.0 .023 -.057 -.089
.001 -.011 -.01L .007 -.019 .03 -.087 -.088
.00k -.090 -.0ko -.005 -.007 .020 -.048 -.079
.007 -.096 -.062 -.028 -.025 .023 -.038 -.07T2
01 -.100 -.080 -.0%0 -.04G .025 -.0ko -.065
@ = 13 DEGREES
B A=-.0b4 -.025 -.01 0 .01 .025 .ok
-.01l .03k .019 0.0 -.015 .030 -.055 -.080
-.007 .03k .020 0.0 -.016 .030 -.055 -.082
-.004 011 Nt -.007 -.020 .038 -.060 -.085
-.001 -.036 -.046 -.018 -.023 .030 -.060 -.085
0 -.050 -.050 -.0k1 0.0 .028 -.060 -.087
.001 -.050 -.031 .010 0.0 .035 -.084 -.08%
.00% -.100 -.042 -.005 0.0 .015 -.0l5 -.079
.007 -.108 -.070 -.027 -.010 .015 -.033 -.060
.01 -.108 -.072 -.040 -.021 .020 -.037 -.057
a = 14 DEGREES
B A=-.0k -.025 -.0l 0 .0l .025 .ok
-.01 .032 .022 .003 -.0l6 .031 -.055 -.083
- .007 .025 .020 0.0 -.016 032 -.057 -.083
-.004 .030 0.0 -.010 -.021 .038 -.060 -.087
-.001 -.080 -.095 -.032 -.026 .032 -.056 -.085
o ~.090 -.072 -.0kT -.005 .036 -.060 -.083
.001 -.104 -.046 .010 .006 .028 -.082 -.080
.00k -.112 -.0k6 -.007 0.0 .012 -.0b2 -.076
.007 -.119 -.070 -.026 -.0lk .0L7 -.032 -.057
.01 -.106 -.057 -.036 -.020 .020 -.023 -.050




TABLE II - CORTINUED

2 = 15 DEGREES
B A=-.0b -.025 -.01 0 .01 .025
-.01 .020 022 0.0 -.017 -.037 -.060 -

.007 .008 015
-.004 -.113 -.055

.005 -.016 -.035 -.062
.013 -.02C -.03% -.060

523353858 @

-.001 -.117 -.115 -.050 -.031 -.022 -.063 -
-.125 -.C8% -.050 -.050 -.045 -.056
.001 -.127 -.04o 008 .007 -.015 -.070 -
.0Ch -.135 -.057 -.020 -.0L2 -.01k -.035 -
.007 -.12¢ -.060 -.035 -.025 -.027 -.031 -
.01 -.095 -.055 -.0bo -.028 -.018 -.01k -
2 = 16 DEGREES
B =-.0k -.025 -.01 0 c1 025 .0k
-.01 <003 .015 -.002 -.017 -.036 -.060 -.087
-.007 -.065 -.020 -.017 -.016 -.035 -.063 -.088
-.00% -.127 -.09C -.018 -.020 -.032 -.063 -.038
-.001  -.1k5 -.125 -.06T -.038 -.03% -.066 -.109
0 -.145 -.09% -.054 -.072 -.052 -.054 -.070
.001 -.140 -.0k1 .001 2.0 -.01k - 067 -.062
.00k -.130 -.061 -.036 -.03 -.027 -.035 -.052
007 -.102 -.0Th -.070 -.076 -.050 -.033 -.031
.01 ~.081 -.067 -.060 -.0k9 -.036 - -.010
@ = 17 DEGREES
B A=-.0k -.025 -.01 0 .01 .025 .0b

-.01 -.030 011
-.007 -.105 -.085
- .CO4 -.145 -.120

.019 -.020 -.033 -.060 -.085
.03k -.020 -.036 -.069 -.093

~

.055 -.020 -.03% -.0€1 -.100

-.001 -.164 -.135 -.068 -.0k1 -.034 -.OTh -.106
0 -.157 -.096 -.05k -.080 -.097 -.051 -.063
.001 -.145 -.056 -.007 -.025 -.016 -.043 -.054
.00k -.126 -.076 ~.055 -.055 -.060 -.048§ -.039
.007 -.090 -.091 -.097 -.106 -.100 -.07h -.031
.01 -.079 -.068 -.070 -.061 -.075 -.065 -.030
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TABLE IT — CONTINUED

a = 18 DEGREES

B A=-.04 -.025 -.01 0 .01 .025 .0k
-.01 -.06% -.045 -.027 -.030 -.045 -.063 -.08%4
o -.127 -.110 -.070 -.062 -.050 -.070 -.095
-.00h -.180 -.145 -.083 -.057 -.052 -.06h -.110
-.001  -.177 -.150 -.086 -.0L5 -.0b1 -.0Th -.093
lo -.165 -.093 -.055 -.085 -.058 ~.048 -.057
.00L -.145 -.065 -.017 -.045 -.023 -.025 -.047
.00k -.106 -.086 -.073 -.066 -.07Th -.060 -.026
.00T -.100 -.092 -.091 -.101 -.102 -.092 -.0bT
.0l -.067 -.062 -.07k -.068 -.081 -.0TL -.050

@ = 19 DEGREES

B A=-.04 -.025 -.01 0 .01 .025 .0l
- .01 -.101 -.063 -.046 -.045 -.055 -.066 -.084
- .007 -.160 -.123 -.080 -.066 -.050 -.0Th -.095
r.ooh -.225 -.185 -.105 -.085 -.067 -.080 -.107
- .001 -.183 -.152 -.105 -.072 -.055 -.060 -.081
D -.161 -.087 -.054 -.090 -.057 -.0k5 -.055
.00L -1 -.070 -.030 -.065 -.032 -.019 -.060
.00k -.104 -.086 -.084 -.075 -.089 -.100 -.GS0
.00T -.091 -.077 -.085 -.105 -.100 -.103 -.063
.01 -.060 -.061 -.079 -.075 -.091 -.090 -.063

a = 20 DEGREES

B A=-.0k -.025 -.01 0 .0l .025 .ok
- . 0L -.143 -.094 -.082 -.0Th -.060 -.070 -.082
- . 007 -.215 -.195 -.110 -.078 -.080 -.075 -.092
L .00k -.249 -.241 -.160 -.113 -.090 -.086 -.098
- .001 -.182 -.115 -.117 -.110 -.07S -.052 -.073
4) -.153 -.080 -.052 -.095 -.058 -.0h1 -.055
L 001 -.137 -.070 -.0ko -.082 -.067 ~.025 -.063
Koo't -.100 -.081 -.091 -.090 -.113 -.1h41 -.150
LCOT -.0T6 -.075 -.086 -.116 -.130 -.128 -.082
L0l -.069 -.0T0 -.088 -.100 -.110 -.120 -.076
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TABLE II — CONTINUED

a = 21 DEGREES
B =-.04 -.025 -.01 0 0l .C25 .0l
-.0l1 -.192 -.162 -.140 -.120 .100 -.075 -.080
-.007 -0 -.260 -.223 -.151 .12 -.0TT -.090
- .00k -.240 -.240 -.260 -.195 127 -.088 -.083
-.001 -.151 -.093 -.124 -.150 135 -.063 -.06k
0 -.143 -.073 -.0L4s5 -.100 .065 -.0k2 -.060
.001 -.120 -.072 -.056 -.093 .103 -.050 -.070
.00k -.095 -.073 -.095 -.112 .10 -.162 -.149
.007 -.073 -.077 -.103 -.124 148 -.173 -.107
.0l -.0TL -.07T -.10k -.118 133 -.150 -.140

a = 22 DEGREES
B A=-.04 -.025 -.01 0 .01 .025 04
-.0l -2k -.228 -.186 -.157 .120 -.084 -.086
-.007 -.300 -.295 -.275 -.208 .1%0 -.085 -.095
-.004 -.21% -.217 -.260 -.220 172 -.091 -.060
-.001 -.140 -.095 -.123 -.195 175 -.080 -.050
-.140 -.092 -.049 -.106 .135 -.095 -.094
.001 -.120 -.076 -.0Th -.111 .128 -.130 -.124
.00k -.090 -.082 -.100 -.118 .154 -.195 -.151
.00T -.081 -.088 -.122 -.1bo .160 -.190 -.180
.01 -.080 -.100 -.132 -.145 .160 -.170 -.180

a = 23 DEGREES
B A=-.04 -.025 -.01 0 .01 .025 0L
L .01 -.310 -.25% -.230 -.200 .150 -.115 -.094
- .007 -.294 -.275 -.260 -.260 211 -.115 -.095
- .00k -.190 -.206 -.220 -.255 .195 -.088 -.Ch0
- . 001 -.128 -.100 -.126 -.195 .205 -.140 -.111
D -.155 -.107 -.049 -.112 145 -.143 -.178
.001 -.158 -.104 -.095 -.125 .130 -.191 -.237
.00k -.089 -.098 -.127 -.130 .155 -.214 -.224
.00T -.088 -.112 -.140 -.150 .169 -.196 -.215%
.01 -.083 -.120 -.150 -.150 .160 -.188 -.205
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TABLE II -~ CONTINUED
o= 2’4 DEGKEES
B A=-.04 «.025 -.01 0 .01 .025 Ol
-.01 -.340 -.275 -.240 -.225 -.160 -.108 .100
-.C0T -.2%0 -.270 -.250 -.225 -.150 -.100 .060
- .00k -.205 -.21¢ -.200 -.185 -.160 -.085 .025
-.001 -.123 -.120 -.130 -.185 -.232 -.259 .258
0 -.157 -.120 -.050 -.118 -.150 -.275 .255
.001 -.148 -.118 ~.118 - 147 -.14%2 -.185 .255
.OCh -.092 -.125 -.135 -.130 -.1 -.214 .250
007 -.100 -2 -.125 -.105 -.154 -.213 .235
.01 -.113 -.120 -.134 -.120 -.150 -.200 245
a@ = 25 DEGREES
B A=-.04 -.025 -.01 0 .0l .025 Ol
-0l -.300 -.295 -.252 -.250 -.180 -.105 .068
- -.225 -.266 -.285 =234 -.172 -.092 .0T5
-.004 - 207 -.200 -.235 -.225 -.187 -.098 .080
-.00L -.120 -.138 -.133 -.180 -.177 -.150 273
lo ~.155 -.123 -.058 -.127 -.157 -.273 .281
.001 -.120 -.107 -.145 -.172 -.166 -.201 .269
.00k -.105 -.1h44 -.135 -.130 -.150 -.207 .295
00T -.133 -.120 -.090 -.142 -.140 -.193 266
.01 -.125 -.106 -.130 -.150 -.175 -.210 2h2
a = 26 DEGREES
B A=-.04 -.025 -.01L 0 .01 .025 Ol
-.01 -.300 -.300 -.300 -.295 =247 -.147 .050
-.007 -.270 -.255 ~.325 -.345 -.2T3 -.120 .113
-.00b -.210 -.167 ~.245 -.290 -.225 -.145 133
=001 -.117 -.117 -.125 -.193 -.290 -.327 .304
0 -.140 -.125 -.072 -.133 -.158 -.259 .210
.001 -.108 -.125 -.185 -.195 -.165 -.210 .284
004 -.150 -.135 -.120 -.125 -.135 -.200 .260
.007 -.125 -.095 -.100 -.162 -.123 «.173 .258
.0l -.110 -.112 -.145 -.182 -.197 -.228 .253
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B A=-.Cis -.025 -0 n 0Ol .025 .0l
- .01 -.300 -.300 - - -. -.175 -.040
L 00T -.270 -.235 -.215 -.210 -.200 -.175 -.1b7
- .00k -.275 -.195 -.170 -.185 -.210 -.265 -
- .001 -.118 -.080 -. -.200 -.268 -.350 -.315
D -.105 -.1?25 -. -.145 -.155 - -.306
001 -.125 -.120 -.215 -.210 -.197 -.210 -.293
.00k -.162 -.092 -.090 -.105 -.125 -.173 -.270
.007 -.097 ~.085 -.110 -.130 -,150 -.190 -.238
.0l -.113 -.158 -.207 -.237 -.240 -. -.

TABLE III. SCALING PARAMETER VALUES FCR BOEIRG AIRFOIL

Normal Force Normal Force Pitching Moment
Mach Number Stali Angle Co=f. at Stall Stall Angle
M @syn, deg Cngrace,ss Tyms deg
0.k 8.4 0.85 10.0
0.6 4.8 0.53 T.0
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“ABLE IV, SCALING PARAMETER VALUES FOR UAC AIRFUIL
Original Revised
Pitching Pitching
i Normal Force Normal Force Moment Moment
rach N-mber Stall Angle Coef. at Stall Stall Angle Stall Angle
M Q,,, deg cnSTALL.SS QAsm, deg Aym , deg
0 10.0 1.05 13.5 13.5
0.2 10.0 1.05 13.5 13.5
0.3 10.4 1.09 13.0 12.5
0.k 8.4 0.85 12.3 11.0
2.9 6.5 0.69 11.5 9.0
0.6 4.8 0.53 10.6 7.0
C.7 2.9 0.37 10.6 7.0
0.8 2.0 0.23 10.6 7.0
0.85 2.0 0.23 10.6 T.0
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TABIE V. BLADE DESIGHNS
Twist Rate, Torsional Chardwise .cg

Design 8,, deg Frequency, Iocetion,

"’e, y'°cg /c

1. Reference Blade -4 8.2p 0.25
2. High-Twist Blade -8 8.2p 0.25
3. Low-Freguency Blade 1 Lp 0.25
4. Aftecg Blade -4 8.2P 0.30
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TABLE VI, REFERENKCE BLADE CHARACTERISTICS

13.

1k,

15.

16.

Chord (ft)

Tvist rate {deg)

Redius (£1)

Flap - leg hinge offset

Tip speed {ft/sec)

Pitch-flap coupling ratic
Flatvise berding frequency ratios
Bigevise bending fregquency ratios
Torsionai frequency ratios

Control system gtiffness
(£t-1b/rad)

Nominal section weight (1b/in.)

Nominal section flatwise stiffness
(1b/1n.2)

Rominal section edgewise stiffness
(1b/1n.2)

Nominal section torsional stiffness

(1b-1n.2)

Nominal section torsional inertia
(1b-se-2)

Section cg (percent chord)

1.52

-

31

0.034

662

0.17

2.689, 4.87p, T7.68P
3.4P, 9.0P

§.22p, 21.96P

1.2 x 106

0.5
2.2 x 107
2k x 107
2.9 x 167

0.024
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TABLE VII. SUMMARY OF S-61F FLIGHT TEST CASES USED FOR CORRELATION

Case Velocity, Rotor Bominal Noxinal Thrust
Kumber Knots Axial Force, Advance Coefficient-
Pour.ds Ratio Solidity Ratio
35 160.30 5060 k10 0200
¥ 166.50 13390 .h25 0543
k2 186.45 8630 476 .0351
h3 185.97 15200 b7k .0579
kk 18k.67 k296G -b&9 .0175
k5 1686.92 9870 AT7T .0k02
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APPENDIX 1
MODIFICATIONS TO EQUATIONS OF REFERENCE 13

This appendix is intended to be used in conjunction with References
13 and 14 and, vhen so used, to provide documentation of the specific
modifications made under this contract tc the blsde equations of motions
given in those references. Inasmuch as Reference 13 and 1% are generally
available and would be required for a detailed understanding of the blade
equations used in this study, no attempt has been made to reproduce berein
any paris of References 13 and li. As a result, many of the sywbols in
the following =quetions are nct included in the List of Symbols of tbis
repart but, rather, gppear iu the List of Symbols of References 13 and 1k.

The basic equations governing the motion of rotor blades having chord-
vise mass unbalance and operating in steady, level flignt are given in
Reference 13. To extend these to the case of mansuvering flight, the
equations were modified by adding terms representing the effect of fuselage
motion on blade dynamic and serodynamic forces. These terms wWwere obtained
directly from Reference 14 and, for convenience, are given below for each
of the equations of Reference 13 to which tkey apply.

Flatwise Equation of Motion

To the right-hand side of Eq. (80) of Reference 13 is added

c,,i(K sinf, + %,l cos 80) + (C'ZI -0.75c,°i) 8, (Esin 8o + Bcos Oo)

(21)
+Cy2; (- G cos 8, + Fsin Oc) + Cyo, (-Ecoseo + D sin 90)
Edgewise Equation of Motion
To the right-hand side of Eq. (86) of Reference 13 is added
- iKY
Cisp (—Acos 8o + Wy, sin 90) + (C47p—0.75C,5p) 8, (Esin 6o -Ecoseo)
' (22)

- C|5p (BCOSGO + ES|ne°> - C47p (FCOS 80 + Esn\ 90)
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Torsional Equation of Kotioz

i

To the right-hand sice o? Eq. (89} of FPaference 13 is added

X x - - .
-c“i [ullcosw + wy sity + (wh cosy -w,lsm *) (I + cos 280)] (23)

Flapping Bquation of Motion

To the vight-hand si3e of Eq. (91) of Reference 13 is added

- ﬁa ;cg E = IBE (21')

Lead Angle Eguation of Motion

To the right-hand side of Eq. (96) of Reference 13 is added
“Maleg D-ToF (25)

Nominal Tangential Velocity Equation

To the right-hand side of Eq. (139) of Reference 13 is added

(l- %z)v-oy| cosy + (é’ +?)Gz,- Bvoy siny -7 ("Tx,COS ¥ + @y sin W)
- Voyl(sin y + 8cos W) (Ve' cos & -c‘u‘e' sine) (26)

+6, T, sin ¥(Ve sin6 + @, cos 6)

Nominal Axial Velocity Equation

To the right-hand side of Eg. (140) of Reference 13 is added
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€+ F)(G,! cos - @y sin ¥) + 8 Voyl (siny + Bcosy)
-78 (g, cosy + @, sin *) + ‘-’o, (sin¢ + 8cosy) la.'cosa + V' sinal (21)
: : )

+6,7, siny (7, cos 8 - @y siné)
I

In Eqs. (21) throigh (25), the following definitions apply:

A = Gysiny — Gy Cosy + 2(m, COSY  + Gy siny) (28)
8 - i’v. cosy - i‘,ﬁsinw - Vo, (Wx, COSY + Gy sin )
. 2
+ G, (Vo, sing +7v, cosy) (29)
() 1
X ——— f— —
¢ = V°l| - l.wy‘ +v°y. wy, (30)
= _ To,. cosy - .:_°n, siny - Vol'(a.'cosw + By, siny) o
o ) . i I )
+ Wy (voy' siny + Vo.,cosq’) +ew - 3 (-"3., cosy + _"5, siny )

- 70,. 3 (&, cosy - @, siny) + @, 8(-7% sinyg + 70,' cosy)
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: ";;m B -“;,'vo'l+ u"voh B v°1|B (a,l cCS VA all SinW)

+28(w, siny + @ cosy) - E(-;,'- cosw-—'—sinw) (32)
Wy, ' v N “r,

-B(;vo" cos ¢ +-'%,|sin$) + BT, (voncosw = 7°.|sinw )

F:d, -2B8(@, cosy + @ siny) - Bl cosy + 5, sinyi (33)

[ ¢.+. siny - ?';' Cosy + 2(w, Cos V¥ + Ty siny) + 2BaG,
+23 (@, cos v + @, sin v) + 8 ‘J-,' cosy + %.v. siny)  (3%)

+ 23 (n,| cos ¥ - @y, 8inY I

In addition to these modifications to the equations of Reference 13,
other changes to the basic aerodynamic equations were necessary when
unsteady data were used. Specifically, when a blade section was operating
at a combination of a Mach number and an angle of attack where the unsteady
data were to be used, the section angle of attack was defined by the veloci-
ty camponents at the quarter~chord rather than those at the three~quarter
chord point, and the damping moment in pitch predicted by quasi-steady
theory was eliminated. Formally, these changes were accomplished by
setting Yy, edual to zero in Egs. (139) and (140) of Reference 13 and
ap equal to 0.5 in Eq. (146).
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APPENDIX II
DETAILS OF THE CONVERSION OF SINUSOIDAL DATA TO a, A, AED B FORMM

In any tabulation of data for subsequent use in a digital computer, it
is imperative that the dependent quantity be associrted with comvenient
tabular values of the independent parameters. In the present case, the
dependent quantity was either ¢n or Cm, and the independent parameters
vere a,A, and 8. In this appendix, the method used for establishing this
dependency of Cm,, on @, &, and B will be described in detail.
(Substantially the same method was used in Reference 10 to relate Cn toa,
A, and B, but this earlier report lacks the detail of the present work.)

First, it is convenient to rewrite the reduced frequenzy of Eq. (14)

8

w wct

K = —— =

) v (35)

0

and to insert this form into Eqs. (12) and (13) for A and P. The result is

as s T fia o )

o+ - (=t Fa-ay) G0

Now consider a typlcal hysteresis loop of Cpm cs4 Versus @, as shown in
the sketch in Figure 67. The anguler velocity parameter A is positive over
the lower half of the loop, which is the region in which a is increasing
with time. A 18 negative over the upper half of the loop. A reaches its
positive and negative maximums at a = a, and vanishes at both angular
extremes of the loop. The angular acceleration parameter 8 is in exact
antiphase with the angular displacement from the mean ( a- @, ), reaching
its negative maximum st maximum a and reaching 1ts positive maximum at
minimum @. B vanishes whenever @ = @y. It can be shown, both from Egs.
(36) and (37) and from a consideration of the typical loop in Figure 67,
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that convenient tabular values of @, A, and B cannot be obtained directly
from the loops. Hence, it is necessary to manipulate both the equations and
the curves to produce cross plots suitable for interpolation. In

subsequent paragraphs, each parameter in Egs. (36) and (37) will be examined
to determine its suitability s an interpolation variable.

The free parsmeters in A and B (Eqs. (36) and (37)) are the chord c,
the amplitude of motion @, the velocity U, the angle of attack @, the
mean angle of attack ay, and the frequency f. (The local angle of attack
@ 1s not a free parameter since it has been selected as one of the three
tabular quantities.) The chord ¢ may be eliminated immediately because
only a single value was available from the experiment, C¢ = 2 ft. There
were only three values of the amplitude @ and, as discussed in the main body
of this report, most of the data were taken at @ = 6 deg and 18 deg.
Similarly, there were only three values of the velocity U (or Mach number),
and most of the data were taken at the lowest two values. The mean angle
of attack ay was taken every three degrees over a wide range of values.
However, two factors must be consideres here: (1) only integral values of
a may be used as mesh points, and (2) the displacement relative to the
mean position ( @ - ay) may not exceed the motion amplitude a . Hence,
this limits the number of values of ay that could be used.

The only remaining parameter in Eqs. {36) and (37) is the frequency f.
In most cases, the frequency values at which data were taken were f =0
(steady state), 4, 8, 12, and 16 cps. This is a set of five equally spaced
points that extend over a physically useful and realistic range. In many
cases in the vicinity of the steady-state stall angle, the three additional
values of f=0.5, 1, and 2 cps were taken. Hence, it is logical to use f
as an interpolation variable. This prospect is made even more attractive
by the manner in which f appears explicitly in Eqs. (36) and (37).

To demonstrate the mathod used herein, first solve Eq. (37) for f to

ootain
L. Y /B
me (a-a,) (38)

Wien Eq. (38) is substituted into Eq. (36), the equation for A becomes
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N B
A= t\/: E-:-a:) f&z—(c-a,‘)a . {39)

The first step in reducing the data was to cross-glot T, versus ¢,
The procedure followed here was to pick a value of each of the parameters
U(orM), @ , and a, , and then to vork with the set of loups assoclated
with the values of f within the set. Two cross plois were made through the
set for each integral value of @: one cross plot was made for the iacreasing
a branch of the loop, and the other was made for the decreasing @ branch
of the loop. A few selected cross plots are shown in Figure 68 for gy =
0 deg (representing the poiential flow regime) and in Pigure 69 for By =
15 deg (representing the stalled flow regime). In boik figures, M = 0.2
and @ = 6 deg. It is in*eresting to note that in potential flow (Figure
68) the Cm, variation with f is well behaved over the entire range, which
Justifies a minimal number of frequency points. However, in stalied flow
(Pigure 69} the Cm¢, variation with f is very erratic, particularly in
the range 0 £ f < & cps. These facts should be noted in the design of any
future experiments on the unsteady response of cscilleting airfoils.

After the cross plots were complieted for all of the loops, the result
vas a multitude of curves of Cmes versus f. In this sei of curves, all
values of the parameters a , ay, @, and U were represented within the
limitations of the experiment. Each individual curve was associated with
a particular set of values of @ ,ay, @, and U, and with either a> 9 or

a< O.

In the next part of the data reducticn procedure, a number of inter-
related steps were taker (see the flow chart in Figure 70). Initially, a
value of @ and a value of Y were chosen (e.g., @ = § deg, U = 230 ft/sec).
Then an integral mesh point value of @ was chosen. Next, a convenient
mesh point value of B was chosen. (The set of B values used in the pregent
study was B = 0, 20.001, 0.004, ¥0.007, 0.01.) At this point, the only
undetermined free parameter in Eqs. (38) and (39), or in the family of
curves of Cmg,, versus f, is the mean angle of attack ay. A series of
valuss of @y was chosen next, subject to the restriction that ja=-ayl<a .
For each value of ay, & value of f was calculsted from Eq. (38) and a vaiue
of A was calculated from Eq. (39). Next, the two curves of Cmc,, versus f
for the specific values of @ , U, a, and ay Were selected fram the set, one
for increasing a and one for decreasing @. These curves were entered at
the calculated value of f, and the interpolated values cof Cmc /4 VETe
plotted versus the calculated value of A. The velue of Cm., associated

155




with increasing ¢ was plotted et the positive vaiue of A, ard the value of

Cmcse 88socigted witn decreasirg @ was plotted at the negative vailue of A.
For the special case of @ stationary (i.e., et tke end points of a loop),
ths interpciated Cm_, vwas plotted at A = 0. After this kad been done for
all possible values of ay, & faired curve vas passed turough the points,
representing the variation of Cm,, with A for a single value of @ and 8.
A pev value of B was then soug'it, and the entire process vas repeated.

An example of these curves is shown in Figure 71 for M = 0.2 and fer

a mesh point value of a = 15 deg. In this figure a set of values of 8
ranging from -0.00T7 tc +0.007 was selected. As discussed in the text, mcst
of the data were originally obtained at 3 = 8 deg; hence, the faired
curves are bissed to conform to these points. The theoretical variation of

Cm¢,, Vversus A, vhich is derived in Appendix ITI, is also plotted in this
figure. It is interesting to note that even at this high incidence &angle,
same measure of agreement still exists btetween theory and experiment for
large positive values of A (1.e., for @a> 0). A study of any of the actual
loope described elsewhere in this repcrt will shov that aimost the entire
branch of the loop for @ > O tends to behave like a theoretical loop, even
when the local angle exceeds the stalling angle, provided that the
frequency of motion is high enough.

The faired curves of Cm., versas A vere ther croes-plotted with
respect to B at constan' @ for a selected set of values of A, namely, A =
0, ¥0.01, 20.025, 20.04. Once agaln curves vere faired through the poirts,
and adjustments were msde in the faired curves to provide as smooth a set as
possible. A third and final cross plot was then made of Cm.,, versus a
for constant values of A and B (see Figures 5 through 7). After the curves
vere smoothed through these points, a number of correlations were performed
between the original loops and the faired curves. In manv cases, a normal
gcatter wvas observed in correlating the smoothed data with the original
loops, tut in a few cases a consistent discrepancy wes observed. In these
cases, the faired dats points and curves were adjusted to produce better
agreement with the original loops. This level of agreement is discussed in
the main body of this report {Figures 9 through 14). Finally, ufter a
satisfactory agreement had been attained, the data points were tabulated
and are presented in Table II.

156




APPENDIX IIT
THEORETTCAL KORMAL FORCE AND MQMENT
COEFFICIENTS FOR SINUSOIDAL MOTION IN TERS OF a, A, AND B

The expressions for the complex, unsteady normal force and moment
coefficierts for sinusoidal pitching motion will be taken from Ega. (k)
and (5). The Theodorsen function, C(k}), will be substituted from Eq. (6),
and the complex angular displacement will be taken from 29. (7). In
accordance with the statements ir the text fcllowing Eq. {7), the first
terms of Bgs. (&) and (S) will be revritten as

L 2
2vCikle —e271a; + 27 C(K)Ge'™!

(ko)

r (004'-'5) Cikla®

- (004‘ ‘é‘)ﬂu + ¥ (004‘ }l‘) Cik)ae™ (41)

Hence, Egs. (&) ard (5) become

ca® = 2vay +E {2(F461 s G {|+z(r+ac)(-'£-o°)]+%(%%)2} (42)

Cm® = p(e°+%)au+raem {(00*"7) {F +iG)
A (b3)

* 55 (4 %) [(cord) ior- Lo 4 (580 (o)}

In the present study the pivot axis was located st the quarter-chord, or
Qo= - 1/2. When this value is substituted into these equations, the

complex exponential is expanded, and the real part of each equation is
taken; the result is




f .
Cy = 2may - 7 [K(1+2F) + 26 & sin wt

2 (44)
- » [—;-+ zuc-zr-'] 3 coS wt
S =e; 3.2
Cm = 3 {kaS-ﬁ wt + ek @ cos w'] (45)
where
Kk = Cw
2V

is the reduced frequency for sinusoidal motion. From Eqs. (8) through (13)
it is easily shown that, for sinusoidal motion,

— ~F A

asinwt = - - (k6)
‘\

Geoswt = - & (57)

Hence, Bqgs. (44) and (U45) may be reduced to the form

£

= 2way, + WA {|+2F+ 2'?] + ,3{-12-+2_G.__E] (48)

cm = -3 [a+3e] (49)

—
n
0




I

Although the toirionel stall flutter phenomencn is primarily associ-
ated with the behavicr of the unsteady pitching moment, it is instructive
to iook at the variations in rormal force coefficlent with changes in the
relevant parameters. One such variation is shown in Figure 72, in whichCn
is plotted versus A for the special case of B= 0. In calculuting this
theoretical curve, the angles a@ = @y = O deg and @ = 8 deg Wwere chosen, as
was a series of values of k. Equation (12} was then used to calculate a
comparable series of values of A, and then Eq. (48) was used to calculate
Cn. The circled points in Figure 72 were taken from the original tabula-
tion of Reference 10, which has already been discussed in Apperndix II. In
this case, the agreement between the *tabulated results and the theory is
quite gocd.
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