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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 conjunction 
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, incoopressible 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 
nultiharmonic 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. ^ 

Limited application of the resulting analysis to define the aeroelastic 
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. Correlation studies, to evaluate 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 IIH-3A (S-61F).' Although the analyses 
produced sslf-excited stall flutter oscillations, the \iegree of correla- 
tion indicates the need for further developnent. 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 
onset of the oscillation. Although 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 characteristics 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 rerinements to rotor trimming 
and inflow modeling procedures. 
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DTRODUCnOM 

The subject investigation was conducted Jointly by Sikorsky Aircraft 
and United Aircraft Research Laboratories under U. S. Anqr Ariation Materiel 
Laboratories Contract DAAJ02-66-C-00U8. The objectire was to detendne 
whether existing unsteady aerodynaalc test data end rotor seroelastlc 
analyses can accurately predict stall-flutter-induced control loads. 

The naxinnan speed of helicopters is currently iiiaited by the 
occurrence of stell on the retreating blades of the rotor. Such stall 
■snifests itself In a perfomance degradation and, «ore laportantly, in an 
increase in tue 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 with the occurrence of stall flutter of the blades (see, for exa^le. 
References 1 through k).    Stall flutter Is defined as a self-excited, 
slngle-degree-of-freedoa torsioual oscillation of an elastic blade which 
can occur when the blade is operated at angles above stall. Such oscilla- 
tions impose large aoaents en the rotor control system and are often the 
determining factor In limiting the maxiM speed of a helicopter. 

It Is now well established that classical rotor theories are incap- 
able of predicting overall rotor performance characteristics in stall 
(References 3 through 9), let alone the details of rotor loading required 
for the accurate definition of critical vibratory loads. 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 tine end 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 seroelastlc 
variable inflow analysis for rotors. This modified analysis will hereafter 
be referred to as the Modified UAC Rctor Analysis. The unsteaäy 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 component). However, as discussed in 
this report, 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 forces and moments associated with 
typical rotor blade angle of attack variations can be computed In a 
rational manner. 

The portion of the study conducted by the Research Laboratories had 
as  its principal objectives:  (l) the generalization of the available 
sinusoidal unsteady data to the form described above, (2) the integration 
of the generalized data into the existing rotor analysis, ancl (3) the 



application of the resulting analysis to investigate the effect of certain 
clade design and operating conditions on blade stall flutter character- 
istics. In addition, since there was sane evidence that sustained stall 
flutter could be encountered in certain aircraft maneuvers, a 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 had as its 
objective the determination of the accuracy of the analyses developed. 
Die correlation study iücluded comparison of analysis with NH-3A (S-61F) 
level flight and CH-53A maneuvering flight test data. CH-53Ä correlation 
used a constant inflow model, while both constant and variable inflow are 
used in the SH-3A analysis. In an attempt to account for rotor-wing 
interference, a sesiempirical modification to the NK-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 tree from stall. 



METHOD OF ANALlfSIS 

The results presented in this report vere obtained using the Modified 

UAC Rotor Analysis. This  section of the report describes the technical 

features 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 ure two principal parts to the overall 
analysis. The first is the Blade Response Program, where the motions cf 

the rotor blade are computed for a given combination of blade control 

angles, 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 aeroelastic 

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 aerodyriamic 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 prescribed time 

histories of fuselage motion and blade control angles. A more detailed 

description of the two individual programs is presented below. 

Blade Response Program 

This program determines 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 aeroelastic 

problems (see, for example, Reference 12, p. 125) and facilitates the 

numerical integration of the blade equations of motion through elimination 

of dynamic coupling terms. In this investigation, the blade response is 

assumed co be composed of a rigid-body flapping mode, three elastic flatwise 

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 



for rotor blades having chordwlse mass  unbalance and operating in steady, 
level flight. The dynamic and aerodynamic terms associated with accelerated 
f:A«*t of the aircraft are given in Reference 1^ for nass balanced blades. 
For this investigation, these terms were 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- 
vise distance between the center of gravity and elastic axes are of second 
order and can be neglected.) For convenience, the specific modifications 
to the Important equations of Reference 13 are given in Appendix I. 

aerodynamic model used In the analyses of References 13 and lh was 
based on the use of steady-state, two-dimensional airfoil data. In 
accordance with quasi-steady theory (Reference 12, p. 279)« (1) the local 
section angle of attack was defined by the velocity components at its 
three-quarter chord point and (2) the theoretical damping moment in pitch 
was included. In defining the local angle of attack, the inflow at the 
rotor induced by the vortex system representing the rotor wake 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 
vortlcJty (wake vorticity arising from tinewise variation of blade bound 
vorticlty) at all angles of attack, particularly those above steady-state 
stall. ¥0 accomplish this, an attempt was made to replace, where possible, 
stemäy-state airfoil data by unsteady data. The latter were derived from 
available data for a 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 is constant with tine. Conversely, typical 
rotor blade section operating conditions involve variations in k due to 
changes In both the velocity of the section U and the effective frequency 
of the motion ut  that occur as the blade rotates. A rigorous method for 
applying sinusoidal data, particularly above stall, 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 Instantaneous angle of attack, angular velocity, angular 
acceleration, and Mach number. Given the local values of these parameters 
for each section, the unsteady lift and moment of each section can be 
computed. 

As originally envisioned, unsteady normal force and moment 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 11 was not sufficiently complete ti permit conversion of the 
data by the process described in Appendix II. Therefore, an attempt was 



oade to scale the Incccpresslble data of Reference 10 to apprazlaate 
coopresslblllty effects. The scallcg relations that vere e^logred 
basically assume that the ratio of actual angle of attack to stesdr-etate 
stall angle Is the critical parameter that must be duplicated. Ihls la 
discussed in acre detail in a later section. Provision vas made in the 
program for investigating the sensitivHy of the results to certain of the 
parsaeters introduced by the scaling procedures, in particular the Mach 
iiuaber range over vhlch the incompressible unsteady data are scale**. The 
results of the sensitivity studies are also discussed in a later section. 
Conventional, steady-state lift and raaaent data for the HACA 0012 airfoil 
section ve*-e used for those combinations of angle of attack and Kach niaaber 
for which either unsteady data vere not available or the scaling procedures 
vere suspect. Thus, for exonple, steady-state data vere used for reverse 
flov operating conditions because applicable unsteady data vere not 
available. Also, because of the effect of Kach number on airfoil stall 
characteristics, use of scaled, incompressible unsteady data at conditions 
Involving Mach numbers above 0.3 and angles of attack above steady-state 
stall vas not considered valid. Finally, steady-state drag data vere used 
throughout the program. Further discussion of the treatment of the onateadr 
data Is given in the section of the report entitled USSTEADJ AIRFOIL DATA. 

The modified modal equations are nonlinear and are solved using a 
numerical integration technique to permit realistic coupling between the 
airloads and the blade response. Tbe procedure thus has the capability of 
analyzing transient as veil as forced-response motions. The calculation 
generally proceeds by alternately computing the modal accelerations (frcm 
the generalized forces exciting each mode) at a given blade azimuth angle 
^ and numerically ictegratxng these accelerations over a small azimuth 
increment A ^ to determine the nodal displacements and velocities at the 
next blade azinuth ( ifr + Atfr). To avoid possible mathematical convergence 
problems with such a procedure, it is necessary that (1) £.$   be small and 
(2) the accelerations of a given mode not be expressed in terms of the 
acceleration of any other mode. These requirements present no difficulty 
with a normal mode type of analysis when the rotor is in steady flight and 
when conventional, steady aerodynamic characteristics are use.L to define 
blade airloads. When accelerated flight is considered in conjunction with 
the particular unsteady ^rodynaaic 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 accelerations. In detenrlning the results presented, it 
was assumed that (1) the fuselage accelerations were prescribed in advance 
(e.g., from flight test results) and, initially, (?) the blade section 
angular acceleration parameter B used in part to define the unsteady aero- 
dynamic coefficients could be determined from numerical differentiation of 



the previously generated local angle of attack tise history. Tbe foraer 

assio^tion is believed to be justified because of the relatively low 

frequency of the fuselage compared to that of the blades. Sie latter 

asstaqftion lilies that tbe calculated value of B vill lag tbe true value. 

Tbe  results of initial calculations indicated that signlficcint values ofB 
vere generated only vben a high-frequency, stall flutter type of torsional 

oscillation occurred. Ibis suggested the possibility of apprcszlaating B 

by the expression 

vhere tbe second portion of this expression is tbe coeponent representation 
of total section angular acceleration. This approach, vhich permitted the 

azlnutbal lag in B to be reduced to tbe ord'^r A^f (approximately 3 deg), 

vas used in obtaining tbe results presented herein. (Further details on 

the concept of the angular acceleration parameter vill be presented in tbe 

next section of this report.) 

Pertinent output from the Blade Response Program for this stiijy 

consisted primarily of integrated rotor loads (thrust, propulsive force, 

etc.), time histories of section operating conditions (<* , A , B ), section 

aerodynamic coefficients (Ci^Cm   ,Ca ), blade elastic response, and 

pitching moment at tbe blade root (i.e., pitching moment imposed on tbe 

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 parameter A , and angular acceleration parameter B over the 

blade, as veil as a specified geometry of the rotor vake. For this study, 

the vake vas approKimated by the classical skewed helicoid defined vhen the 

vortex elements generated -y the blade are convected dovnstream 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 bound 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 conditions (see, 

for example, Figure 1). 



Ihe technical approach used in the Circulation Progran Is basically 

sioilar to that described in Reference 13 and generally represents a 

rotaiy-wing equivalent of the classical lifting-line approach used success- 

fully for fixed wings. There are, however, some differences between the 

UAC Circulation Prograa and that described in Reference 15. These are 

discussed belou. 

The first of these differences is the elimination of all shed vorticllgr 

elements (elements arising from variations of blade bound vortlclty with 

time) in the wake model, a modification that contributed substantially to 

reducing computing time without significantly altering computed circulatloas 

and associated inflow velocities. Tbras,  the only vortex elements retained 
in the wake are trailing elements; i.e., those arising from spanwlse 

variations in bound circulation. As in Reference 15, the strength of the 

trailing elements is permitted to vary from point to point in the wake to 

reflect the variation in bound circulation that occurs as the blade rotates. 

It is believed that a more accurate representation of shed vartlclty effects 

is obtained by the previously mentioned use of unsteady airfoil data in the 

Blade Response Program. The use of two-dimensional, unsteady data basically 

implies that the primary effects of the shed vortlclty in a helical rotor 

wake are due to the wake region near 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 appraximation is reasonable at rotor 

advance ratios /* of interest to this study. This type of approach greatly 

facilitates the inclusion of nonlinear, unsteady aerodynamic effects due 

to stall. 

Another significant difference between the UAC Circulation Program and 

that of Reference 15 lies in the treatment of unsteady effects on lift 

curve slope a, angle for zero lift aQL, and stall angle Omo,^,, . In 

Reference 15, steady-staxe values were used for these quantities. In the 

present study, 0, OOL» a*10 amoK,u 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 proportional to section angle of attack (measured from the zero lift 

angle) until am0XiU  is reached, following which no further increase in 

circulation is permitted. To determine the functional relationships 

involved, the normal force data of Reference 10 (also presented in Table I) 

were plotted and approximated as in Figure 3. The results ere shown in 

Figure k for incompressible flow, and the effect of Mach number on these 
results vas approximated by using the following equations: 



(«ocV*,»« taot>M.o.A.B (1) 

'«•.A.» •m? 

i «mo».u i|ifAt»  
s ta0L»ii,A.i ♦ r-r— - ^ : l ^«.•^.'ii.aA.B (3) 

Ttiese equations state that (1) the aagle for zero lift Is Independent of 
Nach naber, (2) the variation of unsteady lift curve slope In potential 
flow with Kach nonber lollovs the Prandtl-Glauert relation, and (3) the 
unsteady stall angle of attack at any Mach nuabex can be determined fron 
the «asuaptlon that the variation In maimm unsteady lift coefficient vlth 
Nach nuaber follcws the same variation as the aaadM steady-state lift 
coefficient. 

Finally, provision has been made in the UAC Circulation Program to 
eliminate unrealistlcally large induced velocities which would otherwise 
be computed if the lifting line representing the blade section was very 
near a vortex element. This was formally acccmplished 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 is recognized that factors such as self-induced rotor wake distor- 
tions (Reference 1?) and finite blade chord effects have been neglected. 
Their inclusion, however, was beyond the scope of this investigation. 

SIMMARY CF ASSUMPTIOKS 

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

2. !IVo«dimensional unsteady normal force and moment data obtained 
for an airfoil executing forced sinusoidal pitch oecillatlons 
under constant velocity conditions can be applied under rotor 
blade operating conditions involving velocity variations 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 angular acceleration. 

3. 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 ccnpressibillty on steady-state airfoil character- 
istics . 

h.     Quasi-steady, tvo-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. 

5. Section drag coefficients are given by steady-state values. 

6. !Ehe velocities induced at the rotor by the vortex system 
representing the rotor wake can be computed using a lifting-line 
type of analysis in which wake distortions are neglected. 

7. The blade has an elastic axis so that blade deflections can be 
considered as the superposition of two orthogonal translations 
of this axis and a rotation about it. 

8. Principal blade flexibility effects can be accounted for by 
considering only three flatwise, two edgewise, and two torsional 
vibratory modes. 

9. Blade flap and lag hinges are coincident for articulated rotors. 

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

11. The blade is linearly twisted along its span. 



12.    Hie following quantities can be assumed to be rmall in comparison 
to unity: 

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

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

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

d. Built-in twist (in radians) 

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

f. Froude number (g/fl R ) 

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. 

13.    On the basis of Assumptions 11 and 12, the following types of 
terms in the equations noted can be neglected as higher order: 

a. Flatwise and edgewise bending equations: 

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

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

b. Torsional equation: 

(l)    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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I 
(2) Fourth-orcbr products involving elastic coordinates, 

chordwise distances, flep angle, lead angle, built-in 

twirt, and flap-lag hing; offset. 

c. Flap angle and lead angle equations - second-order terns 

involving products of elastic coordinates, fuselage angular 

velocities, fuselage accelerations, chordwise distances, and 

built-in twist. 

d. Section velocity equations: 

(1) Second-order products of elastic coordinate* 

(2) Third-order products involving the elastic coordinates, 

chordwise distances, flap angle, lead angle, built-in 

twist, and flap-lag hinge offset as factors. 

e. All equations - the spanuise component of acceleration due 

to gravity- 

11 



UNSTEADY AIRFOIL DATA 

nBCKEPTrOH OF OKEGIHAL UAC DATA 

Die oscillating airfoil data used In the present analysis were 
obtained 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 in 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 
sections of this report. 

The test data vere obtained from differential pressure transducers 
mounted on a 2-ft-chord NACA 0012 model. The tests vere 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, 5 = -k, 6,  8 deg 
Mach number, M = 0.2, 0.3, 0A 
Mean angle of attack, aM = 0 to 33 deg in 3-deg increments 
Frequency, f =0.0, 0.5, 1, 2, k,  8, 12, 16 cps 

Tbe  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 O.k,  respectively. It can be 
seen from these tables that most of the test points were takten 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 
described in subsequent sections. 

GENERALIZATION OF UAC UNSTEADY SINUSOIDAL DATA 

Conversion of Data to a ; 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, where 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. In this 
investigation, it has been hypothesized that the sinusoidal data can be 
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generalized by converting than to functions of the Instantaneous angle of 
attack a,  angular velocity paranu >r A, and angular acceleration parametT 
B for a given Mach number. A necessary (bat not a sufficient) condition 
for the validity of this approach lies In the ability to characterise the 
essential features of the sinusoidal data In terms of only these three 
parameters. While such is the case 1c potential flov, as shown below, the 
ability to do so in nonpotentlal flow had not been completely proven. Even 
assuming that the essential features of the sirusoidal 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 nonpotentlal flow for multi-harmonic motions. This can be demonstrated 
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  detailed discussion of the process used Is 
given in Appendix II. 

Consider first the case of a linearized, potential, incompressible 
flow past an airfoil oscillating sinusoldally in pitch. The nozmal force 
coefficient Cn and the pitching moment coefficient C m can be expressed In 
terms of three constant coefficients which multiply the angular displacement 
a, the angular velocity a, and the angular acceleration o (see p. 272 of 
Reference 12). (The theoretical moment coefficient given below Is resolved 
about an axis at a0, measured in semi chords aft of the mldchord of the blade 
in accordance with accepted practice. The experimentally determined moment 
coefficient, from Reference 10, is referred to later in the text as Cmc/4 •) 

c*= 2ffc(k)a»+fg. 1^1 + 2 C(k)(^-o<))lä»-iro0(-^r)
2o»    (4) 

c*= -(o0^)cU)a%S(^-o0|04)c^l.]dr-f(^+aS)ä« (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 «Mand the instantaneous displacement from the mean öe 

or 

a* = oM
,+ äe,u't (7) 

This expression implies that the Cn and Cm responses each consist of a 

steady part dependent on the mean angular position, and an unsteady, time- 

dependent part associated vith the instantaneous displacement from the mean. 

These steady-state force and moment expressions are not included in Eqs. 

(U) 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 additional term in each 

of them to account for the steady-state response. This is done later in 

Appendix III. 

Equation (7) has a real part given by 

a = aM + acoswt (8) 

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

a = -wasinwt = ±u)V a2 - (a - aM)2 (9) 

•wZacosut = -cj2(a-aM) (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. 

Ik 



= aM + arcoswt (11) 

A =   ~T = ±ky^-(a-aM)z (I?) 2U 

B  s (—fa"    = - k^o-an) (13) 

vhere k is the reduced frequency for sinusoidal motion, defined by the 
expression 

2U 

Conceptually, Eqs. (k)  and (5) can be expressed in real form as 
functions of the angular displacement, angular velocity, and anfuiar 

acceleration; hence, both Cn and Cm can be functionally written in terms of 

the fundamental three-parameter set, a , A , B , as 

cn = cf-, A, B) (15) 

= cm{ a. A, B) (16) 

The conversion of Eqs. (k)  and (5) to this functional form for potential 
flow is a relatively straightforward task and is done in Appendix III. In 

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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expressioDS of Appendix III are no longer valid. However, It Is possible 

to use the results of the  experiaent described In Reference 10 to tabulate 
both Cn and Cmc/4 as functions of these three parameters. It is the purpose 

of this section and cf Appendix II to show how such a tabulation can be 

constructed, and it is a further purpose of this report to show how such a 

tabulation can be used to predict stall flutter Instabilities of helicopter 

rotor blades. 

As described in Appendix II, the first task in converting the simv? - 

oldal data to a generalized form was to select an Interpolation 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 C(nc/4 versus f 

for constant values of the remaining parameters. Specific values of the 

fundsBsntal three-parameter set, a , A , B , were then chosen for the coordi- 

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

a s o, 1, 2, 3,...,  26, 27 deg 
A = 0, to.01, -0.025, tC-OU 

B = 0, iO.001, -O.OOk,  *0.00T, iö.oi 

Once these values had been selected, the procedure described in Appendix II 

mas followed, iu which data points were interpolated versus f , plotted 
versus A, faired, cross-plotted versus B, faired again, crosa-plotted versus 

a, and faired once again. Selected points from these smoothed curves were 

then cheeked against comparable points from the original sinusoidal loops, 

and adjustments were made in the faired curves to reduce the error between 

the original loops and the final faired data. The agreement between the 

two is discussed in the following section. 

Finally, these unsteady moment coefficient data were tabulated and are 

presented in Table II. Farther details of the tabulation will be found in 

Appendix II. Bie original table of unsteady normal force coefficient, first 

presented in Reference 10, has also been included in the present report as 

Table I. 

A few selected plots of Cm  versus a are shown in Figures 3,  6, and 
7 for B= -0.01, 0, and 0.01, respectively, and the three curves in each 

figure are for A = -0.025, 0, and 0.025- Values of Cmc/4 for zero angle 

of attack were obtained from the theoretical formula discussed in Appendix 

HI. In each of the figures presented here, a ba^ic behavior or trend of 

the curves can be seen (which is exhibited by the entire set of Cmc/4, a 

cross plots), but this trend is most clearly observed in Figure 5 for 8 = 

-0.01- The most striking thing about 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 a stalled condition when the angular velocity Is negative. 

Ifcls Is clearly seen In Figure 5 In the curve for A a 0.025, vhlch reaalna 

level (and hence unstalled) beyond a= 20 deg and does not exhibit any 

sharp decreases until a= 25 deg. These values of a are considerably- 

greater than the steady-state stalling angle of a s 13 deg (see the curve 

for A = B = 0 In Figure 6). Bie curve for A = 0 lies above the curve for 

A a 0.025 vhen a Is small and crosses be'ow It when a is large. Similarly, 

the curve for A = -0.025 lies above both the other curves for snail a and 

crosses below both curves for large a . A similar behavior is observed in 
Figure 6 for B -- 0, although the maximum angle attained before the curve 

departs from the horizontal (which may be regarded as the dynamic stall 

angle) is smaller for each value of A than the comparable value attained 

in Figure 5 for negative 8 . Finally, Figure 7,  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. Furthermore, the 

dynamic stall angle Is again smaller for positive B than it was for either 

zero B or negative B . 

Oils  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 illustrate, this behavior, refer to 

Figure 8, which is Identical to Figure 7 except that the right halves of 

two hypothetical moment loops have been superimposed on the curves, one for 

the potential flow 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 negative. Actually, a true 

loop would have variations in B, ranging from zero at the mean angle of 

attack to saximum negative B at the maximum angle of attack. However, the 

use of hypothetical loops la a 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 nuabered 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 8 parameter has reached Its negative mmclaaim 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 Cmc/4 , a plane in the counterclockwise öirection. As shown in 

Reference 2, this is a stable loop which produces positive aerodynaaic 
damping. 
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Mow consider the loop in the stalled flow regime with numbered points 

k, 5,  and 6. The description from the previous paragraph concerning the 

relative values of A and B can be applied here with points 1, 2,  and 3 
replaced by points k,  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 portion of the loop. Under sane circumstances, this portion 

can grow at tho expense of the stabilizing portion, and the result is a 

self-excited, single-degree-of-freedaa stall flutter ii: the pitching mode. 

However, this phenomenon is usually self-limiting because enough positive 

damping can be produced by a stable left half of the loop to balance the 

negative danping of the right half of the loop. 

Verification of Conversion Process 

The usefulness of the Cmc/4 tabulation hinges on its ability to pro- 

üace the correct value of the unsteacly moment coefficient for 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 tabulated data and were compared 

with the appropriate original loops. Satisfactory agreement between the 

original and reconstructed loops was achieved, and the results are shewn in 

Figures 9 through 13 for a variety of conditions. 

In mr?t 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, stall-induced characteristic superimposed on the 

basic wave form. Since any individual reconstructed loop was produced by 

an averaging process, it is not surprising that there are Individual 

departures from the original data. Indeed, it Is encouraging to note that 

there is r,u 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 

to consider the individual comparisons. Figures 9 and 10 contain loops for 

constant reduced frequencies of k = 0.112 and 0.225 ( f = ^ 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, but even when tJ 3 curve 
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values do not match, the locations of the curve crossovers are in reason- 

ably good agreement, Biese crossover points are of vital iiaportance to 

the stall flutttr prediction because, as described in Reference 10, the 

transition from a counterclockwise enclosure of the loop to a clockwise 
enclosure represents the transition frca positive aerodynamic 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 tabulation 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 original loops is generally good for reduced frequencies of 

0.112, 0.225, and O.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 aM = 21 deg, the reconstructed loops for the highest frequencies exhibit 

flat regions in the vicinity 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 H, and the computer program has selected "comer values" in 

these regions. The parameter values at which these comer 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 aerodynamic damping parameter Ha2 was 

calculated for the reconstructed loops. Use was made of Eq. (^tO) of 

Reference 2, and the integrated damping for the reconstructed loops was 

compared with the results published in Figures Ik  and 15 of Reference 2 for 
ä = 8 deg. This comparison is presented in Figure Ik.    The results shown 
here corroborate 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 Ik,  except the panel for the highest mean angle 
(aM = 27 deg), the agreement between the two sets of results is good. In 

fact, a comparison of Figure Ik with Figures Ik  and 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 1^ for the convenience of the reader.) Furthermore, in 

the last panel of Figure Ik,  for aw = 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 conservatively destabilizing for 

large values of reduced frequency. 
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Additionally, some comparisons of reconstructed normal force loops and 

the original loops from Reference 10 are shown in Figures 15 and 16. Biese 

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 

mooent loops, the agreement is generally good, although individual loops 

have local discrepancies. One significant aspect of the unsteady normal 

force at angles above the steady-state stall angle is the tendency to over- 

shoot tte steady-state maximum normal force by a considerable margin. These 

figures show that the maximum value of 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 
connection with observed delays in rotor lift stall. 

SCAIJHG OF ÜHSTEADY DAgft 

The unsteady aerodynamic characteristics of an KACA 0012 airfoil 

executing forced, pure sinusoidal pitching motion form the basis of this 

stall flutter study. As originally planned, experimental data describing 

the two-dimensional normal force and pitching moment characteristics over a 

wide subsonic Mach number range were to be employed to provide an improved 

analytical method capable of predicting stall flutter. TSae unsteady airfoil 
data were available from two sources. One series of tests, conducted at 

UARL a number of years ago, is described in Reference 2. In these tests, 

most of the data were obtained at Mach numbers less than 0A and at reduced 

frequencies less than O.^. 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 0-72. 

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 acceleration parameter B. In 

processing the Boeing data, it 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 

were not designed to be compatible, although agreement between comparable 

UAC and Boeing data points was generally 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 tue form required 

by the present method, a Mach number scaling procedure based on 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 teras of stall angle, were 

used to evolve separate scaling laws for normal force and moment. Diese 

steady-state scaling lavs 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 IT for 0.2 < M < 0.7» These data were obtained from lift and 

drag data presented in Reference 18. For the purpose of this discussion, a 

normal force "stall" angle aSn is defined as that angle at which the normal 

force characteristic at any M initially departs from linearity. Also, a 

dimenslonless normal force stall angle parameter <rn j defined as the ratio 

of the angle of attack a to the normal force stall an«, J asn. 

^n = a/a,n (17) 

When Figure 17 is examined, three significant variations with 

increasing Mach number are clearly evident in the potential flow regime 

(i.e., a < asn where, as noted above, asn 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 potential flow regime (a< <»sn ), 

a reduction in the value of Cn at the stall angle aSn, 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 ,   - (Cn)<r".-o  (CnST»a.««)». (18) 
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Ulis same expression was then assumed to apply in the unsteady situation. 
Note that Eq.  (18) can also be written in the following alternate form: 

     (cB)    „ (cri) yr-M?  n,  .    ISi. 
(CnST/M..«)li (CnS«LL,n) M.O 

(19) 

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 asn is equal to the ratio at M = 0, 

provided both ratios are evaluated at the same value of an. 

As  a first limited test of the applicability of this scaling technique, 
Eq. (Iß) was used in conjunction with the incompressible Cn data of ÜSble I 

( A = 6 = 0) to compute steady-state lift characteristics at several Mach 

numbers. These were then compared with actual data given in Figure 17. 

The comparisons are shown in Figure 18, where the values of asn and 

( Cn tL %i )  used in scaling are also noted. Below asn* agreement between 

measured and scaled results is excellent, as might be expected. The agree- 

ment above asn Is 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= O.k  and 0.6. 
These were compared with experimental results from Reference 11. In 

obtaining the scaled results, the lata of Table I were used in conjunction 

with Eq. (18) and values of asn and ( CnSTALL s$ ) for the Boeing airfoil 

(see Table III). Figare 19 compares loops for M = O.k,  0^^ 9-8 äe6* and 

ö~ k.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= O.k.    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 <7n = a/ajn 

where aSn corresponds to the blade section Mach number M 
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3.  Compute the equivalent incompressible angle of attack 
aM:0 = ^n (asn>M:0 

h.     Enter the unsteady noraal force tabulation with aM.0 , A , 

B, and extract the normal force coefficient  -Crw^. Ms0 for 

use in Eq. (18) 

5. Compute a maximum normal force coefficient at stall 

( cnST4tL „ )|y| that corresponds to the blade section 

Mach number M 

6. Apply Eq. (18) to scale  (C^ M.0 to the blade section 

Mach number M 

7. Result:  (c)^ 

The normal force coefficient is then trigonometrically converted to 

the lift coefficient at each spanwise station. An integration over the 

blade span is performed to 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 vjilues of osn and ( cn$T4tuSj ) are 

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 lift and drag data of Reference 18. A pitching moment 

"stall" angle asrn 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 <Tm is defined as the ratio of the angle of 

attack a to the pitching moment stall angle asm. Unlike the normal force, 

the pitching moment stall angle asm is not necessarily related to the 

departure of the pitching moment from 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 predicoed 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). Table IV lists the values of asmfound to 
be acceptable on the basis of this criterion (see original ajm column in 
Table IV}. The actual scaling procedure is one of operating on the 
inconpre.'.sible data with the following simple expression, which primarily 
manipulates the location of the pitching moment breakpoint: 

^IWM-1 ;u*i*'0 (20) 

.'Igure 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 = O.U, the 
agreement between experimental and scaled curves is seen to be very good. 
As might be expected from previously presented lift results, the agreement 
is less favorable at M = 0.5 &>nd 0.6. 

The scaling procedures were also applied to generate several unsteady 
pitching moment hysteresis loops from the unsteady data of Table II for 
comparison with experimental loops from Reference 11 for M= DA and 0.6. 
Results are shown In Figures 23 and 2k.    In obtaining these results, the 
values of asm were determined from the Boeing steady-state moment data 
(Reference 11) and are given in Table III. The comparisons shown in 
Figures 23 and 2h are generally not favorable, although in some instances 
reasonable agreement in loop shape and crossover points can be noted. 

As with normal force, in applying the steady moment data of Table II 
in the Blade Response Program, the computation procedure must first 
transform frcm the real blade conditions to the M = o 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 , 8 

2. Compute the dimensionless stall angle parameter am = 0/05^, 
where asm corresponds to the blade section Mach number M 
(see Table IV) 

3. Compute the equivalent incompressible angle of attack 
aM=0 = «WSmUo 
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h.     filter the pitching nooent tabulation (Table II) with Oy-ß ,A, 

B, and extract an incompressllle nceeat coefficient (Cmc/4)  y-Q 

which appears In Eq. (20) w 

5. Apply Bq- (20) to scale (Cmc,^ Ml0 to the blade section 

Mach number 

6. Result:  t0"1^).» .M 

■nils sequence is repeated for adjacent 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 (equivalently, 

Crnc/4) were published in Reference 19. These data are presented as the 
dashed curves in Figure 25, where the boundaries encompassing the negative 

dacping region are shown as functions of section angle of attack and Mach 

nunber. The solid curves in the left-hand panel of Figure 23 represent the 
equivalent boundary defined by the scaling procedure using Cmc/4 data fron 

Table II and the original values of asm from Table IV. In an attempt to 

improve the agreement between scaled results and Reference 19 results, a 

revised asm tabulation was generated (see Table IV) and used to produce 

the comparison shown in the right-hand panel of Figure 25. Biese revised 

results became available in time for use by the Sikorsky Division In their 

correlation studies. However, all parametric and sensitivity study results 

presented in this report are based on the original asm tabulation given In 

Table IV. 
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EXPLORATORY S'IÄLL FLUTTER SOUDIES 

This section of the report describes the results of exploratory 
calculAtions made to assess the effect of several blade design and flight 
condition pg^sEet«»rs on the susceptibility of rotor blades to stell 
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 mocu;! used, and (3) results showing 
hov the stall flutter characteristics of the reference design are affected 
by changes in certain design parazreters. 

BLADE MSIggS Aim mgg COMDITIOKS 

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

1. Rotor lift, CL/o- 

2. Rotor advance ratio, fj. 

3. Rotor propulsive force, CpF/o- 

h. Blade twist rate, di 

5. Blade airfoil section 

6. Blade elastic axis location 

7. Blade torsional stiffness (or, equivalently, torsional frequency 
ratio, wg ) 

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

Items 1 through k 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. Items 5 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 I, h, 1, 

and 8 (lift, twist, torsional frequency^ and section eg location). Items 

5 and 6 were not considered because of a lack of appropriate unsteady 

airfoil data; all calculations herein are based on data for an KACA 0012 

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 night be expected to occur were 

selected. Table V indi^'-tes the blade designs investigated. Ihe Rtrfereace 

Blade was substantially an S-61F blade (Reference 20) except for its 

torsional natural frequency (frequency of blade when mounted on control 

system), which was increased froo 6.5P to 8.2P (through control system 

stiffness increases) to provide a greater range of tUq .    Tbs principal 
characteristics of this blade are given in Table VI. All other blades 

studied were identical to the Reference Blade except for the parameters 

noted in Bible V. In the case of the Low-Frequency Blade, the reduction 

in frequency was achieved by reducing the control system spring rate from 

1.2 x 106 ft-lb/rad to 0.07 x 106 ft-lb/rad. Figure 26 compares the aode 

shapes and frequencies of the first two torsional modes for these two 

blades. 

All blades were considered to form parts of five-bladed rotors which 

were operated at an advance ratio p ox O.k in the pure helicopter mode 
(i.e., rc^or providing a propulsive, as opposed to s drag, force). A 

propelling rotor condition was selected as being more critical from the 

stall flutter standpoint since the depth of rotor stall at a given C^/tr 
increases with increasing propulsive force (see Reference 18). Rotor shaft 

angle was fixed at a typical value for the propulsive flight mode ( as~ 

-8 deg, CpF/o- ~ 0.009 for Reference Blade), and the torsional response 

characteristics of each blade design were computed at rotor lift values 

corresponding to nominal incipient, moderate, and deep s+all operating 

conditions. (Stall here is defined as steady-state stall.) Increases in 

lift and, hence, penetration into stall were accomplished by means of 

collective pitch ( ö75 ) variations, 'flie ivquired values of ö75 were 

estimated from the charts of Reference 18 for the Reference Blade as 

Condition        ^75 , deg 

Incipient Stall 12.2 

Moderate Stall Ik.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 ( A| and & ) 
were arbitrarily estimated from Reference IB using the requirement of 
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spproxlaately zero  flapping vitfa respect to the shaft for the Reference 
Blade for incipient stall operation. The cyclic pitch values vere A|S = 

-2 deg and B. = 9 deg- 

SEBITIVITy STUDIES 

As originally envisioned, the analysis developed in this investigation 

«as to use experimental unsteady data for Mach numbers up to 0.6. However, 

as discussed previously, this proved to be Impossible, and it was 

necessary to use scaling procedures in an attempt to account for the effects 

of coapressibility. Because of possible uncertainties introduced by such 

an approach, a Halted number of calculations vere made for the Reference 

Blade to establish the general nature of its computed torsional response 

and the sen- i^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 nunber of iterations performed between the Blade Response 

Progr— 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 response and pitching moment characteristics of 

the rfnlning blade designs. 

General Besponse Characteristics 

Figure 27 indicates (for the Reference HLade) the general effect of 

Increasing blade collective pitch (equivalently, rotor loading) on the time 

history ol blade root pitching moment. This moment, which is nondimenslon- 

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 moment also is proportional to the elastic torsional response 

of the blade. For comparative purposes, results obtained using both 

conventional steady-state aerodynamic data (of Reference 18) and scaled 

unsteady data (from Tables I and II) 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 #„ causes 

the angle of attack on the retreating blade ( ^~ 270 deg) to increase and 

eventually to exceed the nominal steady-state stall angle ( — 12 deg). At 

the lowest 0^ , the oscillatory pitch moment is small, and the use of 

unsteady aerodynamic data has little effect because of the relatively low 

section angles of attack. Increasing collective pitch to 1^.2 deg results 
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in an oscillation at the first torslonal natural frequency of the blade 

vhen unsteady aerodynaolc data are used. This is due to a self-excited 

torslonal oscillation of the bl«de which appears to be initiated at about 

a ^ of 220 deg. The oscillation grows in aoplltude until the blade 

reenters the region of higher dynamic pressures and lover angles of attack 

in the first quadrant, where both stall and unsteady effects are reduced 

and the motion is quenched. 

The torslonal oscillation noted is characteristic of stall flutter and 

is reflected in the angle of attack time  history for Ö75 = 1^.2 deg In 

Figure 2B. The oscillation also appears to be superimposed on e lover 

frequency moment variation which is partially characterized by a positive 

moment peak on the advancing 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 above are accentuated. 

Additional Information about the self-excited oscillation noted at Ö75 = 

15.2 deg is given in Figure 29,  where the relative magnitude and phasing of 
the angle of attack, angular velocity parameter, ang<ilar acceleration 

parameter, aerodynamic moment coefficient, and elastic twist at the 75 

percent radius station of the blade are compared. 

Vhen steady-state aerodynamics are used, the angles of attack on the 

blade for a given collective pitch value are higher while the rotor lift is 

lower (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 lift 

observed with unsteady aerodynamics is of some significance, in that this 

observation is qualitatively consistent with delays in rotor lift stall 

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 aerodynamic model is shown In 

Figure 30. In this figure, blade pitching moments predicted using variable 

inflow are cempared 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 (fa ~ Ik.2 and I5.2 deg and 

have the same frequency and approximately the same amplitude. Rotor lift 

is substantially unchanged by the inclusion of variable inflow. 
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Effect of Varietlons In Aercxjynaalc Model 

She results using unsteady aerodynamic data, presented in Figures 27 

through 30 and discussed in the preceding section, vere based on the 

followirg assumptions in the aerodynemic model: 

1.  The limit Mach numbers (M,, M,) to which the incompressible 

unsteady data could be scaled at angles of attack above and 

below the steady-state stall angle vere 0.5 and 0.85, 

respectively. (Figure 31 indicates the parameters used to 

define the operating regions vhere scaled unsteady aero- 

dynamic data were used; values of asf, and asm vere taken 

from Table IV.) 

2. The Prandtl-Glauert compressibility factor Vl-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 usint; 

one Iteration between the Blade Response and Circulation 

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 vere made to examine the general sensitiv- 

ity of the blade root pitching moment to each of these assumptions. Results 

for the irtportant lU.2 collective pitch condition are presented in Figure 

32 and are discussed below. 

The effect of decreasing M, from 0.5 to O.k  and ^2 fro,n c,'85 to 0.6 
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 from the f*\ci. that the local angle of 

attack-Mach number combinations over the important outer region of the 

blade are such that unsteady aerodynamic characteristics are uted for both 

sets of M, and M2. It is seen, however, that in the first quadrant the 

selection of the upper values of V. and M2 leads to a somewhat larger 

high-frequency torsional oscillation. This is due to the more extensive 

use in this region of unsteady data with their inherent destabilizing 

effects at high angles of attack, ühe higher values for the scaling limits, 

M, = 0.5 and ^2= O.85, vere arbitrarily selected for use in all remaining 

calculations. 

30 



Thcj effect of increasinc the number of iterations between the Blade 

Responst Progrcji and the Circulation Program (cf. Figure l) from 1 to 2 is 

shown in the center panel of Figure 32. As Indicated, little additional 

information is obtained on either the character or the amplitude of the 

blade moment by the second iteration. A sing3^ Iteration was therefore 

selected as being cost effective. 

The bottom panel in Figure 32 shows the effect of arbitrarily removing 

the Prandtl-Glauert scaling factor for those conditions where the angular 

velocity paraaeter A of the blade section was negative. Ibis  eliminates 
the major nonpotential flow operating regimes where this scaling factor is 

invalid. As shown in Figure 32, the moment results are insensitive 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. 

PAMMETOIC STUDIES 

As indicated previously, the objective of the parametric studies was 

to investigate the effect of variations in blade twist, fivst-node 

torsional frequency (i.e., torsional stiffness), and chordwlse eg position 

on blade stall flutter characteristics. The basic results of the calcula- 

tions based on a constant Inflow assumption are (resented in Figures 33 

through 35- In these figures, the time histories of blade root pitching 

moment for the various blade designs are compared with those for the 

Reference BLade 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. Iherefore, results of Figures 33 through 35 

have been cross-plotted in Figure 36 as functions of rotor lift. In 

Figure 36, the 5 peak-to-peak amplitude (^PTP) of both the total blade 

pitching moment and that portion of the moment corresponding to the self- 

excited torsional oscillation is presented. The latter amplitude was 

arbitrarily defined as the maximum amplitude of the self-excited response 

on the retreating blade (I80 <   ^   <  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 

sensitive to the choice of Mach number scaling limits ( M, and M2) 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 ho.    Discussion of all results follows. 
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Congtant Inflow Results 

Ihe effect of blade twist on blade root pitching moment chararterts- 

tlcs at constant pitch setting is shown in Figure 33, where the results for 

the Reference Blade {  Q^  = -k deg) are compared with those for the Flgh 
IWist Blade ( 0, = -8 deg). (The blades were identical in all other 

respects.) Increases in blade twist were expected to be beneficial from a 

stall flutter standpoint, inasmuch as tLe angles of attack of the high- 

velocity outboard sections of the blade are reduced at a given rotor lift. 

Close examiaation of the results of Figure 33 indicates that increasing 

blade twist does, in fact, result in smaller moment oscillations at the 

same rotor lift. Further, the reduction is primarily due to a delay in the 

onset of the self-excited oscillation. Wiese trends are more clearly 

shown 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 

( Tog ) is shown in Figure 3^. Results are presented for the Reference 

Blade, which had an wg, of 8.2P, and for the low-Frequency Blade, which had 

an W0 of only kV.    As noted in en earlier section of the report, the 
redaction in Sg was accomplished by arbitrarily reducing the stiffness 

of the control system. This, of course, altered the first torsional mode's 

shape as well as its frequency (see Figure 26). 

Examination of the results for the low-Frequency Blade leads to the 

following Important observations. First, a marked reduction in the rotor 

lift for a constant pitch setting occurs when w^ 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 

moments is 'essentially unaffected by ügt   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 moment 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 indication of a growth and decay of a self-excited 

oscillation, übis characteristic appears to be reasonable if one assumes, 

on the basis of the results for the Reference Blade, that one or two 

cycles of the self-excited oscillation must occur before significant 

amplitudes are developed. Uhder such conditions, a self-excited oscillation 

at a frequency of U? may never have an opportunity to grow significantly 

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 

amplitudes as a function of lift shown in Figure 36 indicate clearly that 

the low-Rrequency blade exhibits significantly lower oscillatory moments 
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at a given lift coefficient than does the Reference Blade. It should be 

remembered, of course, that the comparison would be less favorable if made 

en the basis of the elastic torsional deflections of the blades. 

übe final design parameter investigated was the blade eg chordvise 

position. Tte  results for an Aft eg Blade (eg at 30 percent C) are 
presented in Figure 3?, where they are compared with the results for the 

Reference Blade (eg at 25 percent C ). All moment time histories for the 

Aft eg Blade are characterized by a particularly severe oscillation on the 

advancing blade, coupled with a tendency for oscillations near the first 

torsiaal frequency ( » 3P) to persist over much of the azimuth range. 

ISxe  fcimiir characteristic is 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 balding motions. The 

time histories of blade pitching moment and the flapping mode acceleration 

are shown in Figure hi for both the Reference Blade and the Aft eg Blade. 
The basic characteristics of the flapping acceleration are the sane for 
both blades. However, for the Reference Blade, the coupling with the 

torsional mode is very small because of the coincident eg and elastic axes. 

For the Aft eg Blade, dynamic coupling exists and is destabilizing since 

the torsional response produced is such as to amplify the original dynamic 

excitation, übe high-frequency oscillations occurring in the azimuth range 

of iko to 120 deg are not due to stall but, rather, are believed to be 
transient motions induced by the nearly impulsive dynamic excitation that 

occurs on the advan^trg blade. It is apparent from the results of Figure 

35 and from the cross plots of Figure 36 that a eg axis aft of the blade 

elastic axis is very detrimental, although not necessarily from a stall 

flutter point of view. 

Variable Inflow Resxilts 

Blade pitch moment results obtained when variable inflow effects are 

included are presented in Figures 37 through kO.    In general, the previously 
discussed observations and conclusions regarding the occurrence of stall 

flutter for the Reference Blade and the relative advantages and disadvan- 

tages of the Lew-Frequency and Aft eg Blades are unaltered by the 

inclusion of variable inflow. However, a cemparison of the results for the 

Reference Blade and the High Twist Blade is somewhat Inconclusive, übe 

delay in the onset of self-excited moment oscillations with increased twist 

predicted using constant inflow theory no longer appears to exist when 

variable inflow is included, at least for Ci^/cr's up to 0.082. Tbls  Is 
probably caused by the unloading of the blade tip region due to the tip 

vortex,   factor that makes additional unloading associated with increased 

33 



twist not as imDortant. At Z^/c's  greater than 0.082 (e.g., for 075 = 
15.2 deg), ths  computed results with variable inflow indicated a marked 
reduction in the amplitude of 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 the 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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CORRELATIOH STUDIES 

The objective of the correlation studies was to determine whether 
the technology available in unsteady aerodynaalcs and rotor dynaaics could 
be used to accurately predict stall-flutter-induced control loads. TO 
evaluate correlation, two significant examples of stall flutter were chosen: 
the S-olF (HH-BA) in high-speed unaccel^rated flight and the CH-53A during 
maneuvers at high load factor. The stall flutter characteristics in 
the two flight regimes differ significantly. The S-61P exhibited strong 
oscillations at the blade torsional natural frequency, which initiated over 
the nose of the aircraft and persisted ever the retreating side of the disc 
(Figures kZ-kl).   Attempts to duplicate these oscillations analytically in- 
cluded examination of the effects of airload variations (Figures 1*8-55). 
In addition, the effects on control loads correlation of collective pitch 
setting, unsteady aerodynamics and blade stress predictions are considered 
in Figures 56-60. 

The CH-53A maneuver conditions exhibited oscillations in the region 
of the torsional natural frequency, which 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 oscillations persisted fully 
around the rotor disc for several revolutions (Figure 66). The greater 
azimuthal persistence in these instances is attributed to the high rotor 
loading, which results in penetration of the stall region by a significant 
portion of the disc. 

S-61F FLIGHT TEST CORRELATIOH 

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 addition, 
a great deal of in-flight data, including airloads 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 to obtain in-flight airloads, hub forces, control loads, 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 l85-kt cases at CT/o" 's varying from .018 to 
.058, and two 165-kt cases at Op/o- 's of .021 and .05I*. A sunmary 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 nodes was negligible, and results were not 
sensitive to the deletion of the fourth and fifth flatwise modes. 

When constant inflow was used, analytical rotor forces and head 
aoaents did net agree with flight test values at the neasured settings of 
cyclic pitch, collective pitch, and shaft angle. The analysis contains 
provisions that permit the cosputer to vary pitch in a prescribed iterative 
■anner to converge on lift, propulsive force and/or head moments. Of the 
panaeters that could be varied, cyclic pitch values were the most 
accurately known froa tests; therefore, the sha't angle, which is 
extremely sensitive to rotor-body or rotor-wing interference, vas varied 
to obtain tte analytical value of the collective pitch required. It was 
detendned that other inflow models did not significantly disturb the trim, 
and the settings determined using constant inflow were retained through- 
out the analysis. 

Bacperlaental and Analytical Push Rod Moments 

As can be seen in Figures k2 through U7, the flight test push-rod 
«oaa-at increases in amplitude with increasing rotor lift and speed and 
exhülts oscillations at a frequency in the vicinity of the blade's 
torsioaai natural frequency (approximately 6.5 cycles/revolution). The 
oscillatiotts initiate over the nose and continue over the retreating side 
of the rotor disc.  Also shown are analytical mouent time histories 
baaed in a constant inflow assumption, which do rot show stall flutter 
oscillation. An attempt was made to induce the oscillations by increas- 
ing rotor lift beyond the test values, thus increasing the penetration 
of the stall region. The results. Figure 36, 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 aerodynamics. 

Upon noting a lack of correlation with constant inflow, all cases 
«ere rerun with variable inflow. (The variable inflow program has pre- 
viously been referred to as the Circulation Program.) Results were ex- 
amined 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 U3. 

The presence of wings and auxiliary propulsion implies rotor- 
wing interference and small 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 
variable 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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was used to modify the rotor inflow. The original S-61P correlation cases 
were run with constant inflow. Four of these cases were rerun with vari- 
able inflow, using the same inflow analysis as in the sensitivity studies. 
The airload distributions resulting from these cases were analyzed, and a 
further modification to inflow was made ij 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 approxinated at each blade radial station by an azimutbal 
inflow distribution consisting of a constant and one- and two-per-rev 
cosine terms. Relative amplitudes were 1:8:U 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 airloads agr?^ with the 
measured airloads at the tail. This modification in inflow was added to 
the previously calculated variable inflow distribution. For Case  1*3, 
this approach had to be modified. For this flight condition, the rotor 
wake, as given by the variable inflow analysis, remained very close to 
the rotor plane. This calculated inflow gave large distortions in rotor 
loads. More accurate airloads were found by using the modification method 
with the constant inflow case as the base. The only harmonics of inflow 
used for this case were the one- and two-per-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 blade flapping resulting from the 
inflow 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 from wake interaction. Thus, the true 
location of the blade wake near azimuth 90 deg ia not given in the analysis. 
This is why Case ^3 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. 

37 



However, the azimuthal persistence of the oscillation is significantly 
les« than that exhibited by test. It was determined that the use of 
unsteady aerodynamic data tends to reduce angles of attack for the same 
lift, 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 airloads, resulted in no 
significant improvement in the correlation. Because of the self-excited 
oscillations observed in the parametric studies, it was concluded that the 
general analytical approach can lead to a valid prediction method. 
However, the lack of substantial aerodynamic excitation, with unsteady 
aerodynamics only, implies the possibility of additional effects that 
cause 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 
lead oscillation is somewhat different from that measured in flight. The 
flight test oscillations begin earlier in the rotor disc, before azimuth 
l80 deg rather than in the vicinity of azimuth 270 deg. 

Since the blade is not in steal 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- 
ponents of torsional moments reacted at the 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 blade and the deflection of 
the blade. A product of the flatwise and edgewise bending moments at a 
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 azimuthal 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 minima 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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reaehea the stall region by a combination of flatvise and edgewise respenae 
of the blade, snd that the stall flutter nechanisn further &aplifies the 
push-red loads se the retreating half of the rotor disc. 

As part of the evaluation of the correlation. Case 1*3 was rerun 
using steady-state aerodynamics. Blade pitch and aircraft attitude were 
held the same as in the unsteady aerodynamic analysis. A couparisoa of 
the two cases provides some insight into the reasons for lack of correla- 
tion of push-rod loads (Figures 58 through 60). As conpared with steady 
aerodynamic results, the inclusion of the unsteady aerodynamic terms results 
in greater rotor lift, but generally lower flatwise and edgewise vibratory 
blade stresses. The smaller load-deflection teisa, which result from the 
lower stresses, do 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 unsteady aerodynsaic analyses. The use of 
steady aerodynamics does produce a small oscillating push-rod moment on 
the retreating half of the disc, while no sucn oscillation is evident with 
the unsteady aerodynamic analysis. It «fas shown in the Sensitivity Studies 
that unsteady aerodynamics in stall will induce flutter. That no such 
stall flutter occurred with unsteady aerodynamics in Case U3 as attributable 
to the low 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 oscillating 
mechanism here because of their small size, although they had done so in 
the steady-state aerodynamics case, where they were larger. One mj then 
wonder why the presence of unsteady aerodynamics only was sufficient for 
flutter in Figure 28, regardless of the effects of the load-deflection 
termb. The answer would appear to lie in the higher torsional frequency 
used there, which seems to desensitize the rotor torsional response to 
loaa-üeflection terms. Figures 65 and 66  show the flatwise and edgewise 
stress correlations at 65 percent and 1»6 percent of the rotor radius, 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, ertm when 
blade bending stresses are fairly well predicted, as in the steady rero- 
dynamic case, something more is  needed 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 blade 
reaches the stall region. 

It is not evident at present that changes need to be made. It is 
possible that the present unsteady aerodynamic analysis can lead to correct 
results if rotor trim and rotor inflow variations are considered further. 
For example, the poor correlation of blade stress in certain azimuthal 
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regioos suggests that local effects such es vakc distörxie-«, radial flc», 
(^ alrfrie-roter ü:^erference can be aast üeportaat. Possibly, a ciursj* 
la needed In ta« way in wtd^ the onsteaOy «erodyaaaic terns «re ut^d. 
Tbis anr include the iacorp»ratioc of unsteady drag effects or a «odifica- 
tion in the present aethod for dcteminlag blade lift and Ditching aanents. 

The results of the S-61F correlation show that the analytical 
«pproacik being used is generally valid. Continued iarestigation of the 
area of rotor tria and the characteristics *f the tasstea^y aerodynaaics 
of oscillating airfoils should lead to ac accurate «lalysls for the predic 
tico of puah>rod loads. The continuing effort should include tests of a 
two-diaensional airfoil executing forced pure sinusoidal notion, forced 
«ItiharBonic aotion, and self -excited stall flutter. These tests voold 
be designed so as to exanine the validity of a basic assvaption aade in 
this investigation; nastel^, that unsteady serodynaaic data for pure sinus- 
oidal pitch notions can, in fact, be used to predict ^he unsteady char- 
acteristics of an airfoil executing aultihaxnonic pitch notions into stall. 
In addition, the tests vould provide detailed stall flutter inforaation on 
a siaple nodal, thereby pemitting a nore direct evaluation of the stall 
flutter prediction analysis« 

Additional sensitivity studies should be undertalcen «1th the analyti- 
cal nethod developed in the present program. The objective of these studies 
should be to determine if the unsteady menent data of Table 11 can be 
modified so as to reduce the discrepancies noted without destroying the 
basic ability of the tabulation to reproduce the general features of the 
origical sinusoidal data from which it was derived. The possibility of 
developing semiempirical modifications to the compressibility scaling 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 while more fundamental, long-range investigations of 
unsteady aerodynamic methods are pursued. 

WUnSUVERHiG FLIGHT TEST CORHEIATIOH - CH-53A 

The CH-53A flight test program for structural substatytiation 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. A 
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 van  little variation in the cyclic 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 (approximately 3 to 5 deg) increase in roll angle, 
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xtoiüt wt» accosgaEied ^9- «nrfere Tibrations oo All diaajsel« of dst« «sad 
«itteaeir Uigb eoßtrol ?j03d aq>livudea.    However, Hut d«t& «cntfdaed too 
«ich noise or ribrfttioas to be «uiilj uaed.    It ^ss therefore decided to 
•tteopt correlatioa   vp tc th« it^tiattoo of the noiMc 

- ■»-- 

The seeoTid spmeuvei examined wa« a longer trtosient of T^proriMstely 
23 see imralrlfig a vminaX  150-kt right turn. Tba angle of bank for 
this point. T&riea frca under 30 deg el the start to a^pproidaately 60 dag, 
followed l^r a rollout back to level flight. Tbe sore coaplex for» of this 
naoeurer serred to provide an opportunity for obserrlnf, the effect« of u 
changing load faw?tor cm the observed stall flutter as>d on. the accelerated 
flight provisious of t!se analysis. 

H>cheja&tifcal Model 

As te the Sensitivity atad Parametric Studie» j the nodes used «ere 
tvo rigia-body degrees of freedom (flpp and lag) and three flatwise» two 
edgevls«-, and tvo torsional vibratory nodes. 

Tbe CH-53* flight test aircraft carried a large number of aeceler- 
oueters, relocity pickups, and incliaooeters at various locations. After 
suppressicn of the local vibratioc components of the signals and other 
corrections, these data tiers processed to provide 16 time histories of 
aotion components in ac axis system affixed to the rotor hub. These time 
histories represented 6 degrees of freedom of aircraft motion, their 
necessary time derivatives, and histories of control angles. 

The maneuver option of the program was used for the time histories 
Just mentioned; that is, fuselage ootioos were prescribed along with time 
histories of pilot band motions on the cyclic and collective controls. Ute 
rotor transient response was examined, rather than allowing it to die away 
tc steady state as ic other sections of this report. 

As in the S«6lF cases, fliglit-test-reported cyclic pitch was accepted, 
and no attempt to trim heed moaisents was made. While the head moments of 
the S-61F were meas<<red, those on the CB-53A were unknown. 

The CH-53A had carried no Instrumentation to measure rotor lift. 
Load factor vas  available either from measured aircraft weight and motions 
or from a highly damped vertical accelercmeter that acted as a load factor 
readout. Although the motion and load factor data were in general agreeaent, 
small differences, especially at the higher load factors, caused seme un- 
certainty in rotor lift. With an assumed correction for fuselage vertical 
drag, the rotor lift was calculated in a band th« varied from ± 3000 to 
± 6000 lb 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 aaoeuvers equaled tue test lift a-s deterained fro« gross veiejlit, load 
factor, «ad estiaated ftmriege vertical dnur, Oece this «as occotoplished, 
the collective pitch «as v&rie4 vith tiis in a aawer peralieling tbat 
of flijjbt teat; that is, tv> value of collectiTe oitch deported by flight 
test at the instant of tioe in which lift van Matched vas act vsed, hut the 
departures Traa this reference point «ere followed exactly. 

Only constant inflow «as used in the aaneaverisg cases, as the 
present variable inflow progros is not s^licable ^Aien the vortieity pat- 
tern is tia« varying k Although the inflow was held canstant over tbe 4isc, 
it «as tiae varying. On the basis of the tin» history of required rotor 
lift, itself generate fras the load factor and sn assussption concerning 
body vertical drag, a Bonentim value of inflow was conputed. 

Discussion of Cg-^3A Correlation 

As in the S-61F study, the degree of correlation was less then 
satisfactory. However, good correlation was achieved in portions of the 
»saeuvers, providing adde confidence in the analysis. Figures 61, 63, and 
&k  show the variation in =s petik-to-pesh push-rod oonent and rotor lift with 
tine in the two transients. In the short (120-kt) transient. Figure 6l, 
the analytical rotor lift was adjusted in an attenpt to natch test values, 
which are «ihown as a broad band because of the uncertainty of the fuselage 
vertical drag load. Collective pitch and rotor shaft angle «ere varied in 
an attempt to achieve the lift calculated to have been present in flight. 
The lifts shown are predocdnantly below the flight test band. 

Because the analysis was unable to generate lifts higher than those 
shown, it in probable that the blade is heavily stalled over such of the 
azimuth and has penetrated deeply into, or possibly through, the region of 
negative damping. However, the fact that the analytical lift is lower than 
the flight lift would iraply that the analytical load-deflection terms would 
be reduced. Sizce the 1/2 peak-to-peak push-rod moment is higher for 
analysis then for test in this case (Figure 6l), it can be inferred that the 
unsteady aerodynamic effects predominate. The amplitude of this moment is 
largely the result of stall-flutter-type oscillations whose character is 
fair?y similar to that of flight test, as can be seen in the plot of a 
representative revolution. Figure 62. 

The attempt to ma»-.ch 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 6U) is more encouraging, showing trends 
similar to flight tc-ot, with varying degrees of amplitude correlation- 
At the peak valuer (revolutions Uo 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 {»«k-to-peak fleqdi^Tide, are oc the advancing aide 
of the diac. They aeea tc reflect slower damping oat of the cacillation 
than occur« la flight teat. On Hie other bnad, revolution «1 (Figure 66) 
shows the correct aoplltude hut withe it Jie oscillation. This revoluticn 
occur« iasediateiy after tiie drop in lift observed in Figure 63. Si*ch a 
drop would indicate both a loitered angle of attack and aaaller load-deflec- 
tion tens. Thus, absence of oacillatioc ca this trac« is not surprising. 
The cause of this reduction in lift hns not been established. 

In general» the aaneuvering flight correlations esphasise the a 
factors as the S~6lF correlation. To correlate^ 00« seeds both unsteady 
aerodynsnies in the stalled region and proper load-deflection teras 
to initiate oscillations prior to stall. In addition, the trend of the 
H peak-to-peak aooents in Figure 6k  is encouraging and tends to provide 
confidence in ths maneuver iBodific^tiocs. The reasons for the lift dis- 
crepancies (Figures 6l and 63) are not clear, but the discrepancies seem 
to be connected with the constant inflow tine histories used. 
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CCHCLÜBIOSS AHD RKCMIESnATIOKS 

COBCMJSICSiS 

The ccxtcltt^iocs listed below were reached In the course of this study. 

Rote that cccciusions 6 throa^i 1Q should be applied only is the detersdaa- 

tion of possible trends. Further validation of these trends oust await 

analytical iaprovements leading to a higher degree of correlation of the 

analysis wits« flight test data. 

1. Incoopressible unsteady aerodynamic nonaal fore«; and moment 

characteristics generated by an HACA 0012 airfoil executing pure sinusoidal 

pitch motlocs into stall can be expressed with reasonable accuracy as 

functions of instantaneous angle of attack, angular velocity, and angular 

acceleration (see, for example. Figures $ through 16). 

2. Application of unsteady data in the form described in (1) above 

to compute rotor blade response at an advance ratio of 0Ä leads to the 
prediction of significant self-excited torsional oscillations of the stall 

flutter type. These oscillations, which occurred above a rotor lift 

coefficient/solidity ratio of about 0.065, directly impose large oscillatory 

moments on the control system. 

3. The analysis presented in this report predicted stall-flutter- 

induced oscillations of the M-3A (S-61F) push-rod loads initiating only 

at lifts greater than those at which oscillations were observed in flight. 

h.     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. Analysis 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. In 

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 ^P 

reduced the amplitude of the self-excited torsional oscillations at a given 

rotor lift because of the slower response of the 't-P blade. 



7.  Moveoent of the blade center-of-gravity axis aft (fron 23 percent 
to jO percent chord) had i. severe detrlaent&l effect on blade torslonal 
response tmä associated oscillatory Boaents. fhts Is primarily due to tlie 

destabilizing dynamic coupling between the blade flapping and flatvlae 

bending nodes and the torslonal mode. The effect of aft center of gravity 

on tbe self-excited aoaent coaponents vas saall but generally detriaental. 

p, o. Increasing blade twist reduced the self-excited awesent oecilla- 
tlons at a given lift when rotor inflow was assumed to be constant. 

9-  Except for reducing significantly the beneficial effects of 

increased twist noted in (8) above, the inclusion of variable inflow effects 

bad little effect en the general nature of the results obtaited. 

10. At conditions where retreating blade angles cf attack exceeded 

steady-state stall values, significantly higher rotor lifts »ere predicted 

using unsteady aerodynamic data than vere predicted using steady-state 

aerodynamic data. 

RBCCMiBIDMKOHS 

At the present time, it is difficult io establish the re*s3n(s) for 

the discrepancies noted betw ■■a analytical and experimental results, 
principally because of the complexity of the experimental model used in the 

comparison - a full-scale helicopter. Achievement of good correlation in 

such circimstances requires that (1) detailed, accurate flight test data be 

available, (2) all facets of the aeroelastic analysis be accurate (inflow, 

applicability of sinusoidal unsteady data, use of compressibility scalinf,, 

etc.),and (3) factors neglected in the analysis such as radial flew, wake 

geometry distortions, etc., be, in fact, negligible. Many approaches could 

be followed in attempting to resolve the problem.  One co-aid, 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 loads. 

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 

U5 



Aar-reachisg effects on the coarse of future unsteady aerodyiuRic testing 
«I applied to helicopter rotors. 

2.     An analytical study sbooid be umdiicted to determine if the 
qoantitatlTe accuracy of the aethod described In this report can he 
laprored to pemit its us« as an interia design tool vblle «ore fundasental, 
longer range studies of the type noted above are pursued. In this study 
cotaideration should be given to possible seaioBpirlcal aodificetlons to 
the basic unsteady data tabulation and associated ccnpressibility scaling 
procedures. In addition, the effect of possible refinements in rotor 
triiBing and inflow ■odeling techniques on blade bending stress correlation 
should be exanined. 
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ARROW ON LOOP SHOWS DIRECTION OF INCREASING TIME 
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Figure 6? • 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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•   For each a , u 

••   Choose a vsdue of a 

~»#   Choose a value of B 

Select anaM such that la —aMl S Ct 

Each aM detemdnes a value of f from Eq. (38) 
and A fron Eq. (39) 

Enter appropriate cross plot of Cmvs f , read 
Cm at calculated value of f 

•   Plot Cn, vs calculated value of A 

•   Return for new value of a, 

•#   Return for new value of B 

•   Return for new value of a 

Figure 70. Flow Chart for Data Conversion to a, A, and B pom,. 
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Velocity Parameter and CoiPparison With Theory. 

^26 



i 

II   II  II  II 
i   o as la 

u., 
3'XN3Dldd303 3DaOd IVWHON 

127 

Si 



TABLE I. TABULATION OF UNSTEADY KORMAL FORCE CÜKJf'FICIEBT Cn FOR M - 0 1 

a - 0 DEGREES 

B AM-.Ok -.025 -.01 0 .01 .025 .04 
-.01 -.28 -.26 -.20 -.15 -.10 -.04 •05 
-.oou -.20 -.17 -•13 -.09 -.07 -.03 .08 
-.001 -15 >.o8 .01 ..04 -.02 0.0 •13 

p -.16 -.04 .05   0.0 ^..06 .04 .16 
.001 -.13 -.05 .02 .04 -.02 .08 •15 
.00^ -.08 .04 •07 •09 .13 .16 .20 

Uoi -.06 .04 .10 .16 .22 .27 .27 

a « 6 DEGREES 

B A—.04 -.025 -.01 0 .01 .025 .04 
-.01 • 34 .34 • 38 40 •45 .55 .67 
-.004 .40 .44 •49 50 .49 .57 .68 
-.001 • 43 .51 .60 59 •56 .62 •74 
0 .44 .54 • 63 63 •59 .66 •78 
.001 .46 • 53 .64 64 .60 .67 .80 
.00k .47 .52 •58 56 .62 • 70 .82 
.01 . .54 .62 •54 56 .64 •73 • 85 

a = 8 DEGREES 5 
{  B A a-.04 -.025 -.01 0 .01 .025 -04 
-.01 .54 .54 .58 60 .64 •75 .86 
-.004 .62 .65 .69 70 •71 •79 .88 
-.001 .62 .68 .78 80 .79 • 83 .93 

p .64 .66 .81 84 .80 .86 • 96 

.001 .64 .65 .79 84 .81 •87 .98 

.004 .64 .66 •71 69 .76 •87 1.01 

.01 .68 .70 .65 67 .73 .82 1.00 
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1 

TABTf, I - ( 20KTINUED 

a . 9 DEGRKUU 

B    A=- 04 -.025 -.01 0 .01 .025 .04 

-.01 65 • 65 •69 •71 •75 .85 .96 
-.004 72 •75 .79 .80 .82 .89 •98 
-.001 72 ■75 .84 .88 •90 .93 1.03 
0 74 •70 .87 .93 •91 .95 1.05 
.001 73 • 69 .84 -93 .91 •96 1.06 
.00k 71 •71 .75 .74 • 83 .96 1.10 
.01 74 •70 .68 .72 •78 •86 1.06 

a a 10 DEGBKKS 
B    A=- 04 -.025 -.01 0 .01 .025 .04 

-.01 75 •75 .80 .81 .85 .95 1.05. 
-.004 83 •85 .88 .90 •93 1.00 1.07 
-.001 82 .80 .86 •97 1.01 1.03 1.11 
0 81 •76 .86 1.02 1.02 1.04 1.14 
.001 80 •71 •73 1.00 1.00 1.06 1.14 
.004 74 •73 .73 • 77 .88 1.02 1.18 
.01 78 .68 .71 •75 .81 .88 1.11 

a = 11 DEGBKRR 

B    A=.- 04 -.025 -.01 0 .01 .025 .04 

-.01 85 .86 .91 •93 •96 1.05 1.14 
-.004 93 •95 .98 1.00 1.06 1.10 1.17 
-.001 92 .86 .92 1.05 1.11 1.12 1.20 
0 89 •79 .34 1.08 1.12 1.12 1.21 
.001 .86 •72 .80 1.02 1.10 1.14 1.21 
.004 76 •71 .70 .80 •93 1.08 1.23 
.01 .80 •67 •72 •79 .84 .91 1.14 
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TABLE I-CONTINUED 

a = 12 DEGREES 
B A=-.04 -.025 -.01 0 .01 .025 .04 

-.01 ■93 •96 1.01 1.03 1.06 1.14 1.23 
-.00^ 1.03 1.06 1.08 1.10 1.17 1.20 1.27 
-.001 1.00 •90 .94 1.12 1.22 1.21 1.27 
|o .95 .80 .80 1.12 1.2k 1.21 i.29 
.001 •91 .72 .73 1.02 1.19 1.22 1.27 
.004 •77 .68 .65 .81 •97 1.13 1.26 
.01 .81 •67 .72 .80 .86 .93 1.17 

a = 13 DEGREES 

1   B 
A»-.04 -.025 -.01 0 .01 .025 .04 

-.01 1.05 1.06 1.11 1.13 1.16 1.24 1.31 
-.004 1.14 1.15 1.18 1.20 1.28 1.30 1.35 
-.001 1.08 .92 .95 1.17 1.32 I.29 1.34 

p 1.00 .80 .76 1.12 1.33 1.28 1.34 
.001 .94 .71 .66 1.01 1.26 1.28 I.32 
.004 •77 .64 .61 .81 1.01 1.16 1.26 
.01 .82 .68 • 73 .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 1.40 
-.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 1.40 

r 1.0U • 78 .74 1.12 1.4l 1.35 1.39 

.004 
• 96 • 70 .61 1.00 1.32 1-34 1.37 
• 76 .59 •59 .81 1.0k 1.20 1.26 

.01 .82 .68 •73 .84 •90 • 98 1.21 
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TABLE I-COHTIHUED 

• 

a = 15 DEGREES 
B A=-.04 -.025 -.01 0 .01 .025 .04 

-.01 1.26 1.28 1.31 1.34 1.36 1.40 1.48 
-.00k 1.33 1.35 1.38 1.40 1.48 1.48 1.52 
--oo:. 1.18 •92 .96 1.25 1.49 1.44 1:46 
(■ 1.08 .76 .71 1.11 1.46 1.40 1.43 
.001 .96 .68 .60 1.00 I.38 1-39 1.40 
.00^ • 76 .57 .59 .82 1.07 1.22 1.25 
.01 ,81 .69 .74 .86 .92 1.01 1.23 

a = l6 DEGREES 
B A=-.0k -.025 -.01 0 .01 .025 .04 

-.01 1.36 1.38 1.41 1.44 1.46 1.49 1.56 
-.00^ 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 1.43 1.43 
.004 • 75 .56 .62 .83 1.09 1.24 1.23 
.01 .80 .70 .76 .88 .94 1.04 1.24 

a = 17 DEGREES 
B A—.04 -.025 -.01 0 .01 .025 .04 

-.01 1.46 1.48 1.51 1.54 1.56 1.56 1.64 
-.004 1-39 I.49 1.53 x.58 1.66 1.66 1.67 
-.001 1.15 .90 .96 1.28 1.62 1.57 1.55 
0 1.04 .74 .70 1.10 1.58 1-53 1.50 
.001 •93 .64 .62 1.00 1.46 1.47 1.44 
.001+ .74 ■57 .65 86 .1.11 1.25 1.20 
.01 • 78 .71 .77 .91 .96 1.08 1.25 
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TABT£ I - :OHTIHUED 

a m 18 DEGREES 
B A—.04 -.025 -.01 0 .01 .025 .04 

-.01 I.MS 1-59 1.61 1.64 1.66 1.66 1.71 
-.004 1-35 i.47 1.58 1.64 1.74 1.74 1.7^ 
-.001 1.08 •69 .95 1-27 1.66 1.64 1.60 
10 • 1.00 •75 .70 1.10 1.60 1.60 1.5M 
1.001 •90 .64 .65 1.00 1.47 1.5^ 1.47 

Loot •73 .60 .68 .88 1.13 1.27 1.22 

.01 •76 .72 .79 •93 .99 1.12 1.26 

a« 20 DEGREES 

1 B A—.04 -.025 -.01 0 .01 .025 .04 

-.01 1-77 1-79 1.80 1.84 1.86 1.84 1.87 
—oou 1.17 1.25 1.56 1-71 1.87 1.93 1.91 
-.001 •90 ,84 .93 1.21 1.70 1.82 1.75 

b .84 •73 .75 1.08 1.61 1-73 1.67 
.001 • 83 .66 .71 1.00 I.47 1.64 1.59 
.004 .72 .68 •76 •92 1.16 1.33 1.41 

.01 .72 .74 .84 • 99 1.06 1.21 1.31 

1 « *2 DEGREES 
B A—.04 -.025 • X> a .01 .025 .04 

-.01 1-91 1.95 1-99 2.02 2.06 2.05 2.07 

-.004 1.07 1.08 1.47 1.70 1.95 2.13 2.12 

-.001 .82 .78 •92 1.16 1.71 I.98 I.98 

|o •78 .72 •79 1.07 1.58 1.85 1.91 
.001 ■ • 76 • 70 • 79 1.02 1.42 1.72 1.84 

.004 .72 •75 • 85 •99 1.18 1.38 1.61 

.01 •72 .81 ■ 92 1.04 1.14 1.31 1.41 
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2AELE I-CONCLUDED 

a = 24 DEGREES 
B A=-.04 -.025 -.01 0 .01 .025 .04 

-.01 1.85 1.99 2.16 2.20 2.23 2.28 2.25 
-.004 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 I.69 1-95 
.004 •74 .81 .94 1.04 1.20 1.40 1.68 
.01 •76 •93 I.05 1.09 1.25 1-37 1-50 

a - 26 DEORERR 
B A—.04 -.025 -.01 0 .01 •025 .04 

-.01 1.67 1.30 2.02 2.14 2.21 2.34 2.35 
-.004 1.06 1.07 1.22 1.42 1.83 2.17 2.32 
-.001 • 90 ■37 .94 1.3.9 1.48 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 
.004 • 76 .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 .04 

-.01 1.55 1.58 1.69 1.88 2.07 2.30 2.38 
-.004 1.06 1.09 1.18 I.36 1.70 2.03 2.31 
-.001 .92 • 91 .98 1.22 1.47 1.72 1.91 
0 .86 .88 .94 1.18 1.42 1.57 1.75 
.001 .85 .85 •94 1.14 1.36 I.49 I.63 
.004 ■79 .85 .96 1.03 1.19 I.29 1.46 
.01 .89 .90 •95 1.04 1.14 I.27 1.59 

r    ..                                                      -      ._.. -                i 
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TABLE II.    TABULATION OF UHSTEADY PITCHING MGHEHT 
CüKFFICUarj Cmc/4   FOR M = 0 

a = 0 THHOGGK 6 DEGREES 
B A=-.Ok -.025 -.01 0 .'•l .025 .04 

-.01 .069 .0^5 .022 .006 -.010 -.033 -.057 
-.007 .067 .0^3 .020 .004 -.012 -.035 -.059 
-.00>v .065 .0t2 .018 .002 -.013 -.037 -.061 
-.001 .063 .OkO .016 .cm -.015 -•039 -.062 
b .063 • 039 .016 0.0 -.016 -.039 -.063 
.001 .062 •039 .015 -.001 -.016 -.040 -.063 
Loot .061 .037 .013 -.002 -.018 -.042 -.065 
.007 .059 •035 .012 -.004 -.020 -.043 -.067 
.01 .057 •033 .010 -.006 -.022 -.045 -.069 

a = 7 DEGREES 
B A=-.6U -.025 -.01 0 .01 .025 .04 

Loi .066 .OU3 .020 .003 -.013 -.035 -.058 
[-.007 .06k .0U0 .016 .001 -.013 -.038 -.062 
Loou .057 .035 .015 0.0 -.015 -.039 -.065 
Looi .056 .033 .010 -.002 -.018 -.043 -.065 
p .050 .031 .011 0.0 -.015 -.041 -,067 
.001 .050 .030 .010 -.003 -.018 -.046 -.066 

LooU .035 .020 .010 -.004 -.020 -.044 -.067 
.007 .016 .013 .007 -.008 -.023 -.051 -.ork 
.01 -.010 -.002 0. -.008 -.026 -.050 -.076 

a = 8 DEGREES 
B A=-.Ok -.025 -.01 0 .01 .025 .04 

Loi .059 .040 .016 0.0 -.015 -.040 -.061 
ko07 .056 .034 .010 -.002 -.016 -.043 -.065 
Loou .0^5 .025 .010 -.005 -.017 -.043 -.067 
Loci .Oi45 .024 0.0 -.005 -.021 -.045 -.068 
p .031 .020 0.0 0.0 -.016 -.045 -.071 
Looi .028 .010 0.0 -.007 -.024 -.050 -.070 
Loot -.010 -.016 .007 -.006 -.020 -.056 -.070 
L007 -.015 -.007 0.0 -.010 -.023 -.054 -.074 
Loi -.030 -.025 -.010 -.012 -.028 -.052 -.080 
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TABLE II - CONTmUED 

a = 9 DBGKEEB 
B A=-.Ök -.025 -.01 0 .01 .025 .04 

-.01 .m .035 .010 -.003 -.018 -.045 -.067 
-.007 .Okk .026 .006 -.007 -.020 -.047 -.071 
-.00k .038 .020 .005 -.011 -.021 -.048 -.073 
-.001 .035 .015 -.005 -.012 -.024 -.050 -.074 
0 .020 .007 -.005 0.0 -.016 -.049 -.076 
.001 .013 -.025 -.005 -.012 -.034 -.055. -.074 
.00k -.028 -.027 0.0 -.009 -.020 -.049 -.074 
.007 -.034 -.030 -.007 -.011 -.024 -.054 -.074 
.01 -.054 -.Okk -.021 -.018 -.029 -.053 -.080 

a 9 10 DEGRtUiJ 
B A^-.0k -.025 -.01 0 .01 .025 .04 

-.01 •039 .029 .004 -.007 -.024 -.049 -.073 
-.007 .038 .023 .002 -.011 -.024 -.050 -.075 
-.00k •035 .016 0.0 -.016 -.027 -.053 -.077 
-.001 .025 .010 -.009 -.017 -.027 -.054 -.080 
0 .005 -.004 -.015 0.0 -.017 -.049 -.081 
.001 .016 -.040 0.0 -.020 -.041 -.057 -.081 
.00k -.0^7 -.035 -.002 -.010 -.020 -.050 -.076 
.007 -.054 -.045 -.015 -.010 -.025 -.053 -.075 
.01 -.075 -.060 -•033 -.025 -.028 -.052 -.078 

a = 11 DEGREES 
B A=-.0U -.025 -.01 0 .01 .025 .04 

-.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 -.014 -.025 0.0 -.020 -.054 -.087 
.001 -.005 -.035 0.0 -.023 -.044 -.071 -.086 
.004 -.070 -.040 -.005 -.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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TABLE II - COMTINUED 

a = 12 DEGRJiKS 
i B A=-.Ot -.025 -.01 0 .01 .025 .04 

-.01 .031 .016 -.003 -.015 -.030 -.054 -.080 
LOOT .035 .020 0.0 -.015 -.030 -.055 -.080 
-.00^ .030 .01? -.005 -.020 -.035 -.057 -.083 
-.001 -.008 -.010 -.013 -.022 -.031 -.058 -.085 

r -.oko -.028 -.033 0.0 -.023 -.057 -.089 
.001 -.011 -.Olt .007 -.019 -.0^3 -.087 -.088 

LooU -.090 -.oto -.005 -.007 -.020 -.048 -.079 
.007 -.096 -.062 -.028 -.025 -.023 -.038 -.072 
.01 -.100 -.030 -.050 -.oto -.025 -.040 -.065 

a = 13 DEGBEES 

1  B A=-.Ot -.025 -.01 0 .01 .025 .04   j 

-.01 .03t .019 0.0 -.015 -.030 -.055 -.080 
LOOT .03t .020 0.0 -.016 -.030 -.055 -.082 
Loot .011 .Olt -.007 -.020 -.038 -.060 -.085 
-.001 -.036 -.ot6 -.018 -.023 -.030 -.060 -.085 1 
|o -.050 -.050 -.Otl 0.0 -.028 -.060 -cOöT j 
1.001 -.050 -.031 .010 0.0 -.035 -.084 -.084 
Loot -.100 -.0t2 -.005 0.0 -.015 -.045 -.079 
.007 -.108 -.070 -.027 -.010 -.015 -.033 -.060 
.01 -.108 -.072 -.oho -.021 -.020 -.037 -.057 

a = Ik DEGREES 
B A=-.Ok -.025 -.01 0 .01 .025 

'0k 

-.01 .032 .022 .003 -.016 -.031 -.055 -.083 
-.007 .025 .020 0.0 -.016 -.032 -.057 -.083 
Loot .030 0.0 -.010 -.021 -.038 -.060 -.087 
-.001 -.080 -.095 -.032 -.026 -.032 -.056 -.085 

p -.090 -.072 -.0^7 -.005 -.036 -.060 -.083 
.001 -.10t -.0t6 .010 .006 -.028 -.082 -.080 
Loot -.112 -.046 -.007 0.0 -.012 -.042 -.076 
•007 -.119 -.070 -.026 -.014 -.017 -.032 -.057 
.01 -.106 -.057 -.036 -.020 -.020 -.023 -.050 
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■MBI^ n - ccmmuHD 

a « 15 DEGRFES 
B A=-.0U -.025 -.01 0 .01 .025 .04 

-.01 .020 .022 0.0 -.017 -.037 -.060 -.064 
-.007 .008 .015 -.005 -.016 -.035 -.062 -.085 
'.00k --113 -055 -.015 -.020 -.03^ -.060 -.092 
-.001 -.117 -.115 -.050 -.031 -.032 -.063 -.088 
0 -125 -.C89 -.050 -.050 -.0^5 -.056 -.077 
.001 -.127 -.OkO .006 .007 -.015 -.WO -.078 
.00^ -135 -.057 -.020 -.012 -.014 -.035 -.078 
.007 -.120 -.060 -.035 -.025 -.027 -.031 -.045 
.01 -.095 -.055 -.OkO -.028 -.018 -.01^ -.028 

a - L6 BHTWKR? 

B A=-.0t -.025 -.01 0 .Cl .025 .04 

-.01 ^003 .015 -.002 -.017 -.036 -.060 -.087 
-.007 -.065 -.020 -.017 -.016 -.035 -.063 -.088 
-.00^ -.127 -.090 -.018 -.020 -.032 -.063 -.088 
-.001 -.145 -.125 -.067 -.038 -.03^ -.066 -.109 
0 -.145 -095 -.05^ -.072 -.052 -.054 -.070 
.001 -.li»0 -.oia .001 0,0 -.014 -.067 -.062 
.oou -.130 -.061 -.O36 -.030 -.027 -.035 -.052 
.007 -.102 -.074 -.070 -.076 -.050 -033 -.031 
.01 -.081 -.067 -.060 -.0^9 -.036 -.027 -.010 

a - 17 DEGRldläJ 
B A=-.Ok -.025 -.01 0 .01 .025 .04 

-.01 -.030 -.011 -.010 -.020 -•033 -.060 -.085 
-.007 -.105 -.065 -.03^ -.020 -.036 -.069 -'091 
-.GOk ..1U5 -.120 -.055 -.020 -.034 -.061 -.100 
-.001 -.16^ -.135 -.068 -.OUl -.034 -.074 -.106 
0 -157 -.096 -.054 -.080 -.057 -.051 -.063 
.001 -.145 -.056 -.007 -.025 -.016 -.043 -.054 
.OOif -.126 -.076 -.055 -•055 -.060 -.048 -.039 
.007 -.090 -.091 -.097 -.106 -.100 -.074 -.031 
-01 -.079 -.068 -.070 -.061 -.075 -.065 -.030 
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TABLE H - CONTINUED 

0 = 18 DEGREES 
B A=-.Ök -.025 -.01 0 .01 .025 .04   1 

-.01 -.065 -.01+5 -.027 -.030 -.045 -.063 -.084 
-.OOT -.127 -.110 -.070 -.062 -.050 -.070 -.095 
-.OOlt -.130 -.1U5 -.083 -.057 -.052 -.064 -.110 
-.001 -.177 -.159 -.086 -.045 -.041 -.074 -.093 

r -.165 -.093 -.055 -.085 -.058 -.048 -057 
.001 -.1U5 -.065 -.017 -.045 -.023 -.025 - .047 
.ooi» -.106 -.086 -.073 -.066 -.074 -.060 -.026 
.007 -.100 -.092 -.091 -.101 -.102 -.092 -.047 
.01 -.067 -.062 -.07^ -.068 -.081 -.071 -.050 

a = 19 DEGRERS 
B A=-.0^ -.025 -.01 0 .01 .025 .04   i 

Loi -.101 -.063 -.046 -.045 -.055 -.066 -.084 
koOT -.160 -.123 -.080 -.066 -.050 -.074 -.095 
koou -.225 -.185 -.105 -.085 -.067 -.080 -.107 
Looi -.183 -.152 -.105 -.072 -.055 -.060 -.081 
b -.161 -.087 -.05^ -.090 -.057 -.045 -.055 
.001 ~.lkk -.070 -.030 -.O65 -.032 -.019 -.060 

LooU -.10^ -.086 -.084 -.075 -.089 -.100 -.050 
•007 -.091 -.077 -.085 -.105 -.100 -.103 -.063 
.01 -.060 -.06L -.079 -.075 -.091 -.090 -.063 

a = 20 DEGKJ&S 

1 B A=-.0^ -.025 -.01 0 .01 .025 .04   | 

Loi -.1U3 -.09^ -.082 -.074 -.060 -.070 - .082 
[-.007 -.215 -.195 -.110 -.078 -.080 -.075 -.092 
Loo4 -.2^9 -,2kl -.160 -.113 -.090 -.086 -.098 
Looi -.182 -.115 -.117 -.110 -.075 -.052 -.073 
p -.153 -.080 -.052 -.095 -.058 -.041 -.055 
Looi -.137 -.070 -.01*0 -•082 -.067 -.025 -.063 
Loo^ -.100 -.081 -.091 -.090 -.113 -.141 -.150 
Lo07 -.076 -.075 -.086 -.116 -.130 -.128 -.082 
Loi -.069 -.070 -.088 -.100 -.110 -.120 -.076 
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TABLE II - CONTINUED 

a «e 21 DEGREFS 
B A=-.04 -.025 -.01 0 .01 .025 .04 

-.01 -.192 -.162 -.140 -.120 -.100 -.075 -.080 
-.007 -.260 -.260 -.223 -.151 -.124 -.077 -.090 
-.00k -.240 -.240 -.260 -.195 -.127 -.088 -.083 
-.001 -.161 -.093 -.124 -.150 -.135 -.063 -.064 
0 -.143 -.073 -.045 -.100 -.065 -.042 -.060 
.001 -.120 -.072 -.056 -.093 -.103 -.050 -.070 
.004 -.095 -.073 -.095 -.112 -.140 -.162 -.149 
.007 -.073 -077 -.103 -.124 -.148 -.173 -.107 
.01 -.071 -.077 -.104 -.118 -•133 -.150 -.140 

a = 22 DEGREES 
B A=-.04 -.025 -.01 0 .01 .025 .04 

-.01 -.244 -.228 -.186 -.157 -.120 -.084 -.086 
-.007 -.300 -.295 -.275 -.208 -.140 -.085 -.095 
-.004 -.211 -.217 -.260 -.220 -.172 -.091 -.060 
-.001 -.140 -.095 -.123 -.195 -.175 -.080 -.050 
0 -.140 -.092 -.049 -.106 -.135 -.095 -.094 1 
.001 - 120 -.076 -.074 -.ill -.128 -.130 -.124 
.004 -.090 -.082 -.100 -.118 -.154 -.195 -.151 
.007 -.081 -.088 -.122 -.140 -.160 -.190 -.180 
.01 -.080 -.100 -.132 -.145 -.160 -.170 -.180 

a = 23 DEGREES 
• 

B A=-.04 -.025 -.01 0 .01 .025 .04 

koi -.310 -.255 -.230 -.200 -.150 -.115 -.094 
-.007 -.294 -.275 -.260 -.260 -.211 -.115 -•095 
-.004 -.190 -.206 -.220 -.255 -.195 -.088 -.040 
-.001 -.128 -.100 -.126 -.195 -.205 -.140 -.111 
D -•155 -.107 -.049 -.112 -.145 -.143 -.178 
.001 -.158 -.104 -.095 -.125 -.130 -.191 -.237 
.004 -.089 -.098 -.127 -.130 -.155 -.214 -.224 
.007 -.088 -.112 -.140 -.150 -.169 -.196 -.215 
.01 -.083 -.120 -.150 -.150 -.160 -.188 -.205 
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TABLE II -caraiNUED 

o. = 24 DFr,BEBS 
i    B A=-.OU -.025 -.01 0 .01 .025 .04   i 

-.01 -.3^0 -.275 -.240 -.225 -.160 -.108 -.100 1 
-.007 -.280 -.270 -.250 -.225 -.150 -.100 -.060 
-.OCA -.205 -.215 -.200 -.185 -.160 -.085 -.025 
-.001 -.123 -.120 -.130 -.185 -.232 -.250 -.258 1 
0 -.157 -.120 -.050 -.118 -.150 -.275 -•255 
.001 -.1U8 -.118 -.118 -.147 -.142 -.185 -.255 
.001* -.092 -.125 -.135 -.130 -.160 -.214 --250 
.007 -.100 -.142 -.125 -.105 -.154 -.213 -.235 
.01 -.113 -.120 -.134 -.120 -.150 -.200 -•245 

a s 25 DEGREES 
B A—.04 -.025 -.01 0 .01 .025 .04 

-.01 -.300 -.295 -.252 -.250 -.180 -.105 -.068 
|-.007 -.225 -.266 -,285 -.234 -.172 -.092 -.075 
-.(XA -,207 -.200 -235 -.225 -.187 -.098 -.080 
-.001 -.120 -.138 -.133 -.180 -.in -.150 -•273 

b -.155 -.123 -.058 -.127 -.157 -.273 -.281 
.001 -.120 -.107 -.145 -.172 -.166 -.201 -.269 

Look -.105 -144 -.135 -.130 -.150 -.207 -.255 
.007 -.133 -.120 -.090 -.142 -.140 -.193 -.266 
.01 -.125 -.106 -.130 -.150 -.175 -.210 -.242 

a = 26 DMJKEES 
B A=-.04 -.025 -.01 0 .01 .025 .04 

-.01 -.300 -.300 -.300 -.295 -.247 -.147 -.050 
-.007 -.270 -.255 -.325 -.345 -.273 -.120 -.113 
-.00^ -.210 -.167 -.245 -.290 -.225 -.145 -.133 
-.001 -.117 -.117 -.125 -.193 -.290 -.327 -.304 

r -.ikQ -.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 
.01 -.110 -.112 -.145 -.182 -.197 -.228 -.253 
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TABLE H - COICLÖDH) 

a  = ! 27 DT?SaES 
B A=-.04 -.025 --01 0 .01 .025 .04 ; 

-.01 -.30.-» .300 -.300 -.300 -.270 -.175 -.040 
L.ocT -.270 -.235 -.215 -.210 -.200 -.175 -.147 
-.004 -.275 -.195 -.170 -.185 -.210 -.265 -.340 
-.001 -.118 -.080 -.127 -.200 -.268 -.350 -315 
0 -.105 -.125 -.090 -.145 -.155 -.240 -.306 
.001 -.125 -.120 -.215 -.210 -.197 -.210 -293 
.004 -.162 -.092 -.090 -.105 -.125 -.173 -.270 
.007 -.097 -.088 -.110 -.130 -,150 -.190 -.238 
.01 -.113 -.158 -.207 -.237 -.240 -.300 -.322 

 « 

TABLE III. SCALING PARÄffiHS VALUES FOR BORTNG AIRFOIL 

Mach Number 

M 

Normal Force 
Stall Angle 

a,„,  deg 

Normal Force 
Coef. at Stall 

nSTALL ,8S 

Pitching Moment 
Stall Angle 

a.m» deg 

0.4 

0.6 

8.4 

4.8 

0.85 

0.53 

10.0 

7.0 

1 

ihi 



iABLE IV.    SCALING PARAMJiTJiR VALUES FOR UAC AIRFüIL 

OriginaL Revised 
Pitching Pitching 

Normal Force Normal Force Moment Moment         j 
Mach Nmber 

1       M Stall Angle Coef. at Stall Stall Angle Stall Angle 
a,n» deg "STALL.SS a.m, deg 3sm   ,  deg 

0 10.0 1.05 13.5 13-5 

'!    0-2 10.0 1.05 13.5 13.5        j 

f      0-3 10 A 1.09 13.0 12.5 

1     o.k B.k 0.85 12.3 11.0       ! 

i  o.5 6.5 0.69 11.5 9.0        | 

1    0-6 1^.8 0.53 10.5 7.0 

1    0^ 2.9 0.37 10.6 7.0 

j      0.8 2.0 0.23 10.6 7.0        | 

I      0.85 2.0 0.23 10.6 7-0         1 
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TABLE V. BLADE DESIGNS 

Design 

Twist Rate^ 

0, , deg ' 

,   Torsional 

Frequency^ 

Chordwise eg 

Location, 

yiOc,/c 

1. Reference Blade -U 8.2P 0.25 

2. High-Twist Blade -8 8.2P 0.25 

3- Low-Frequency Blade -k k? 0.25 

k. Aftycg Blade -k 8.2P 0.30 

i_     _.. .....                                    i 
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1           TABLE VI. REFEFERCE BUffiE CHARACTERISTICS           | 

I. Chord (ft> 1.52             j 

1  2* Twiat rate (deg) J» 

3* 
Radius (ft) 31             | 

1   k- Flap - leg hinge offset 0.03h 

5. Tip speed (ft/sec) 662             1 

1  6- Pitch-flap coupling ratio 0.17             I 

1 "*' Fl&tvlse heeding frequency ratios 2.66P, ^87P, 7.68P  \ 

1  8' Eägevise heading frequency ratio« 3M?,  9.0P 

9* 
8.22P, 2I.96P      ! 

10- Control syste« stiffness 

(ft-lh/rad) 1.2 x 106 

1 n' Hondnal section wei^rt (lb/in.) 0.5             j 

1 12m 
HoBinal section flatwise stiffness 
(lh/in.2) 2.2 x 107           1 

13. nominal section edgewise stiffness 

(lh/in.2) 2U x lO7 

1 lk' 
Nominal section torsional stiffness 

(lh-in.2) 2.9 x 107 

j  15- Nominal section torsional inertia 

(Ih-ae.2) 0.024              1 

16. Section eg (percent chord) 
25 
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TAHZ vn .    SUMABT OP 5-61? FLIGHT TEST CASES USES 

1                                                                                                              1 

Case Velocity, Rotor ■oainal ■oKinal Thmst 
Iwber Knots Axial Force« Advance Coefficient- 

Pounds Ratio Solidity Ratio 

35 160.80 5060 MO .020t; 

36 166.50 13300 >25 .05J»3 

t2 186. «i5 8630 .Ii76 .0351 

1»3 185.97 lli£00 .1I7»I •0579 

kk l8ii.07 M290 .W9 .0175 

k3 186.92 9870 .•77 .0kO2 

i_                                                                                                                                        i 
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APPEHDU I 

MCDIFICimaB TO ESPÜTlSSß  OF gggjggg 13 

This appendix Is intended to be used in conjunctlao with References 

13 and 14 and, vhen so used, to provide documentation of the specific 

aodifications sade under this contract to the blrde equations of aotioos 

given in those references. Inascuch as Reference 13 and Ih  are generally 
available and would be required for a detailed understanding of the blade 

equations used in this study, no atteopt has been Bade to reproduce herein 

any parts of References 13 and lh.    As a result, many of the symbols In 
the following equations are net included in the List of Synbols of this 

report but, rather, appear ia the List of Synbols of References 13 and 1^. 

The basic equations governing the motion of rotor blades having chord- 
wise mass unbalance and operating in steady, level flight are given in 

Reference 13. üb extend these to the case of maneuvering flight, the 

equations were modified by adding terms representing the effect of fuselage 

motion on blade dynamic and aerodynamic forces. These terms were obtained 

directly from Reference Ik and, for convenience, are given below for each 
of the equations of Reference 13 to which they apply. 

Flatwise Equation of Motion 

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

C,3j(Äsineo+«2,00560) + (cl2j-0.75C10.)öl(csineo + Bccstfo) 

(21) 

+ 0,2; (-6 cosÖ0 + F"sinfl0) + C,0. f-Ecos0o +0sinoo) 

Edgewise Equation of Motion 

To the right-hand side of Eq.  (86) of Reference 13 is added 

C33p (-Äcoseo  + wZ|sin0o) +  (C47 -0.75CI5Jo, (Bsin0o-ccosflo) 
7 _ ^ '  (22) 

-Cl5p(ocos0o + Esine0)-C47p (Fcoseo +Gsinö0) 
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Tprslonal Equation of Kotloc 

To the right-hand side of Eq.  (89) of P-ference 13 is added 

'c44j [«n,008* + »y(
siR*  +  («,,«»$♦-5»^sint) (i + cos2eo)j      (23) 

Fl^plog Equatiock of Motion 

Tb the xight-hsnd side of Eq.  (91) of Reference 13 is added 

-MB rCgE  -IBG {2k) 

Lead Angle Equation of Motion 

Tb the right-hand side of Eq.  (96) of Reference 13 is added 

-M8rcgD-IBF (25) 

Nominal Tangential Velocity Equation 

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

(l-y )voy cos^   + (e+ r)«Z(-87oy|Sin^-7i3(wX|cos^ + 5y|sintJ 

- v0   (sin ^ + Scos^J (ve'cose-we'sinöj (26) 

+ e{ v0   sin ^(vg sin ö + iüe cos dj 

Nominal Axial Velocity Equation 

lb the right-hand side of Eq.  (1^0) of Reference 13 is added 
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(e + F)(«y cos f-üx sin f) + ßv0   (sin y -f 8oos f) 

-F8 («Xi cos f + S   sinf j + v0    jsinf + Scosf) S^'cosff + vj sinSl (^ 

+ Ö, VQ   sin f (ve cos Ö - «t «inö) 
y. 

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

Ä = i^sin^ - wy.cos^ +2(5]l|C0S^   + wyisinf) (28) 

8   = ^ cost - ^sinf - v^ (wKl cosf + w,,sin +) 

*       "»I    ^Oy   Sin^       +    ^OK   C0S^   ' 

(29) 

C    =   V   "   V». +VOy,W,t' (30) 

D =   -^   cos^ - -5-     sini|/  - v0j (jj^cos^ + ü»^ sin^) 

(31) 
+ "i, (v0y) sin «j/ + voices *) + e "KT,, - s (^ cos ^  + -53    sin ^ ) 

- VQ   8 (wy cos v//  - s,  sin^)  + s^ 8(-v0   sin^+vg   cos ^) 
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— I 

(32) 

E = \ - ^.X* ^\ ' \ß (5». cos,'' ~ "". sirn'') 

+ 21(13^ sin* + ^ cos ♦>  -   e(-s5( cos* --s^sin*) 

-^(-^   cos*+-^ sin*)   +   /3S,, (^cos * - ^ sin* ) 

F   =   «i, - 2/9{i'«1cos*  +  öfisin*)  - /HT^cos* + «;, s'n*i   ^33^ 

5 .  «fe $in*  -  "3^ cos*   +  2(01^cos* + ^sin*) + 2/SS,, 

+ 28 (O^cos * > 3I( sin *)  +   8 ( 3;( cos * + ^ sin *)      W 

♦ 28 (o,fco$* - ««.sin*; 

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, vhen 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 components 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     YiOj^c    equal to zero in Eqs.  (139) and (UO) of Reference 13 and 
OQ equal to 0.5 In Eq. (1^6). 
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APPSHDIK II 
DEEAILS OF THE COHVERSIOH GF SDilBOIDAL DASA ID a, A . ASP B FOBI 

In any tabulation of data for subsequent use in a digital conputer. It 
is imperative that the dependent quantity be associated with convenient 
tabular values of the Independent parameters. In the present case, the 
dependent quantity was either Cn or cmcM  and the independent parameters 
vere a , A, and B • In this appendix, the method used for establishing this 
dependency of Cmc,, on a,  ft, and B vlll 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 frequency of Eq. {Ik} 
as 

k = zT s ~ü~ (35) 

and to inseit this form into Eqs. (12) and (13) for A and E. The result la 

(36) . • ± ^Mv^ 

B--(*$.)%..„) (3T) 

Now consider a typical hysteresis loop of Cmc/< versus a, as shown in 
the sketch in Figure 67. The angular velocity parameter A is positive over 
the lower half of the loop, which Is the region in which a is Increasing 
with time.  A is negative over the upper half of the loop.  A reaches its 
positive and negative maximums at a = aM and vanishes at both angular 
extremes of the loop. Ofce angular acceleration parameter 8 is in exact 
antiphase with the angular displacement from the mean ( a- aM), reaching 
its negative maximum at maximum a and reaching its positive maximum at 
minimum a.  B vanishes whenever a = aM. It can be shown, both from Eqs. 
(36) and (37) and from a consideration of the typical loop in Figure 67, 
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•ihat convenient tabular values of a, 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 Eqs. (36) and (37) will be examined 

to determine its suitability ss  an interpolation variable. 

The free parameters in A and 8 (Eqs. (36) and (37)) are the chord C , 

the amplitude of motion ä, the velocity U , the angle of attack a , the 

mean angle of attack aM, and the frequency f. (The  local angle of attack 
a is not a free parameter since it has been selected as one of the three 

tabular quantities.) The chord C may be eliminated Immediately because 

only a single value was available from the experiment, C = ? ft. Ihere 

were only three values of the amplitude 7» and, as discussed in the main body 

of this report, most of the data were taken at a = i6 deg and *8 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 aM was taken every three degrees over a wide range of values. 

However, two factors must be consideren here: (1) only integral values of 

a may be used as mesh points, and (2) the displacement relative to the 

mean position (a -aM) may not exceed the motion amplitude a . Hence, 

this limits the number of values of a^ 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), k,  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 t appears explicitly in Eqs. (36) and (37)- 

To deanonsträte the method used herein, first solve Eq. (37) for f to 

obtain 

B 
(a-cg (38) 

Wnen Eq. (38) is substituted into Eq. (36), the equation for A becomes 

15^ 



A = ±
v/- JT-^) yaMa^«M)2 .        (39) 

The first step in reducing the data was to cross-plot Cme/4 versus f . 

The procedure followed here was to pick a value of each of the paraBeters 

U (or M), 5 , and an , and then to work with the set of loops associated 

with the values of f within the set. Two cross plots were made through the 

set for each integral value of <«: one cross plot was made for the increasing 

a branch of the loop, and the other vas made for the decreasing « branch 

of the loop. A few selected cross plots are shown in Figure 68 for ttH s 
0 deg (representing the potential flow regime) and in Figure 69 for <iM •■= 

15 deg (representing the stalled flow regime). In both figures, M » 0.2 

and 5 = 6 deg. It is interesting to note that in potential flew (Figure 

68) the Cmc/4 variation with f is well behaved over the entire range, which 

justifies a minimal number of frequency points. Htwever, in stalled flow 

(Figure 69) the Cmc/4 variation with f is very erratic, particularly in 

the range 0 < f $ k cps.   These facts should be noted in the design of any 
future experiments on the unsteady response of oscillating airfoils. 

After the cross plots were completed for all of the loops, the result 

was a multitude of curves of cmc/« versus f . In this set o*" curves, ail 

values of the parameters a , aM, a, and U were represented within the 

limitations of the experiment. Each individual curve was associated with 
a particular set of values of a , oM, 0 ^ and U, and with elcher ä> 0 or 

6 < 0. 

In the next part of the data reduction procedure, a number of inter- 

related steps vare taken (see the flow chart in Figure 70). Initially, a 

value of ö and a value of U were chosen (e.g., a = 6 deg, U = 230 ft/sec). 

Then an integral nesh point value of a was chosen. Next, a convenient 

mesh point value of B was chosen. (The set of B values used in the present 

study was B = 0, ^0.001, iQ.OÖk,  ^0.007, -0.01.) At this point, the only 

undetermined free parameter in Eqs. (38) and (39)» or in the family of 
curves of Cmc/4 versus f , is the mean an^le of attack aM. A series of 

values of aM was chosen next, subject to the restriction that ja-aiyil-^ • 

For each value of aM, a value of f was calculated from Eq. (38) and a value 

of A was calculated from Eq. (39)- Next, the two curves of Crr<M versus f 

for the specific values of "5 , U, a, and aM were selected from the set, one 

for increasing a and one for decreasing a .    These curves were entered at 
the calculated value of f, and the interpolated values of Cmc/4 were 

plotted versus the calculated value of A. Hie value of Cmc/%  asgoclat«d 
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with Increasing a vas plotted et the positive value of A, and the value of 
cmC/, associated vith decreasic« o was plotted at the negative value of A. 

For the special case of a stationary (I.e., at the end points of a loop), 

tbs  interpclated Ctn^ was plotted at & = 0. After this had been done for 

all possible values of aM, & fsired carve was passed through the points, 

representing the variation of Cmc/4 with A for a single value of a and B . 

A new value of B «as then soug'rt, and the entire process vas repeated. 

An euaple of these curves is shown in Figure 71 for M = 0.2 aM for 

a aesh point value of a = IS deg. In this figure a set of values of B 

ranging froa -0.0C7 to -K).007 was selected. As discussed In the text, mczt 
of the data were originally obtained at ä = ±8 deg; hence, the faired 

curves are biased to confora to these points. The theoretical variatioo of 

CmC/« versus A, which is derived In Appendix III, is also plotted in this 

figure. It is interesting to note that even at this high incidence angle, 

samt oeasure of agreeaent still exists between theory and experlaent for 
large positive values of A (I.e., for a> 0). A study of any of the actual 

loops described elsewhere In this report will show that alaost the entire 

branch of the loop for a > 0 tends to behave like a theoretical loop, even 

whan the local angle exceeds the stalling angle, provided tint the 

frequency of »01100 la high enough. 

Hie faired curves of Cmoy versus A were then cross-plotted with 

respect to B at constant- a for a selected set of values of A, namely, A = 

0, ^0.01, -0.025, ^O.OU. Once again curves were faired through the points, 

and adjustments were made In the faired curves to provide as smooth a set as 

possible. A third and final cross plot was then made of Cmc/4 versus a 

for constant values of A and 8 (see Figures 3 through 7). After the curves 

were smoothed through these points, a number of correlations were performed 

between the original loops and the faired curves. In many cases, a normal 

scatter was observed In correlating the smoothed data with the original 

loops, but in a few cases a consistent discrepancy was observed. In these 

cases, the faired data 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 Ik).    Finally, ufter a 
satisfactory agreement had been attained, the data points were tabulated 

and are presented in Table II. 
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APPaiDix in 
THEORETICAL KG554AL FORCE AND MQCHfT 

COKFFIClHnS F(m SIHU50IDAL MOTIOIf IH TEBS OF a. A, AHD B 

The expressions for the coqplex, unsteady normal force and moment 
coefficients for sinusoiäal pitching motion will be taken from Bqs. (k) 
and (5). üe 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 in the text following Eq. (7), the first 
terms of Bqs. (h)  and (5) will be rewritten as 

2wCik)a —2»aw + 2TC(k)5t'
,,•, 

Hence, Eqs. (h) and (5) become 

c.*s 2wau + w9J** {2(F+lG} + -^L [i+2(F+iG){|-o0)]+<b(|5)2}    C«) 

c«* * ,^(co + i)aM+»■öeiw, {(00+^-) (F + 'G) 

+ IS" (i-o) [K^)^iO)-i]+i{^)2(i + a0^)} 

In the present study the pivot axis was located at the quarter-chord, or 
a0= - 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 
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Cn    =   Zvam -  ir   [k(l + 2F) + 2G]   ä Sin wt 

fk2 1      - (H) - ir    IY  +    2kG - 2Fl      a COS wt 

=    y    [ kaSir,   wt + ^-k2 5 COS u»tj m    -    2     ^u....  ».   .   g ~   „ w* w.j (45j 

where 
k   =   -^L 

2U 

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

ä sin w t   =   -   -r- (46) 

ö cos wt   s   " % (^7) 

Hence, Eqs.  (kk) and (45) eay he reduced to the form 

Cm   =   " f   [ * +  i B 1 (1,9) 



Although the toirional stall flutter phenomenon is primarily associ- 

ated with the behavior of the unsteady pitching moment, it is instructive 

to look at the variations in normal force coefficient 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 calculating this 

theoretical curve, the angles a = aM = 0 deg and ot •-= 8 deg were chosen, as 

was a series of values of k. Equation (12) was then used to calculate a 

comparatle 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 Appendix II. In 

this case, the agreement between the tabulated results and the theory is 

quite good- 
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